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Abstract 
Advanced photopolymer materials which are sensitive to light irradiation and 
correspondingly change their physical and chemical properties upon irradiation have 
attracted significant attention in both the scientific and industry communities. The rapid 
evolution of such materials has directly resulted in the development of various modern 
technologies such as 3D printing, light-emitting diodes, photodynamic therapy, 
microelectronics and holography. One focus in this thesis is on exploiting macromolecular 
design to construct novel functional polymer materials for improved lithography 
technologies based on photoactive polymers (Chapter 2-4). In addition, this thesis focuses 
on the macromolecular design of a novel type of photoresponsive hydrogel with a unique 
3D shape changing behaviour, but simple preparation, as presented in Chapter 5.  
 
The surface roughness in patterned features, commonly termed line-edge roughness 
(LER), is of particular concern in the manufacture of advanced micro-electronics devices. 
In Chapter 2 and 3 of this thesis a novel strategy of dealing with line-edge roughness 
(LER) in photoresists patterns is presented. In chapter 2, we describe the design, 
synthesis and aqueous solution of an innovative random and block copolymer 
poly(OEGMA-stat-styrene) and poly(OEGMA-stat-styrene)-b-PDMAPMA. Despite the 
polymers having a relatively high styrene content they are readily soluble in water, capable 
of forming transparent solutions at room temperature without resort to conventional 
solvent-exchange methods. The self-assembly behaviour of the copolymers is significantly 
affected by copolymer composition. Chain extension of poly(OEGMA-stat-styrene) with a 
hydrophilic DMAPMA block result in formation of larger aggregates; higher contents of 
OEGMA reduce the aggregate size. 1H NMR in D2O reveals reduced molecular mobility of 
styrene segments within the core of the block copolymer aggregates compared with the 
statistical copolymers. Moreover, surface activity of copolymers at the air-water interface 
was measured. It shows the high surface activity of the polymers and that the aggregates 
are highly dynamic in nature. 
 
In Chapter 3, we describe the use of materials prepared in Chapter 2 to deal with LER in 
the photoresist patterns. However, the size of the aggregates reported in Chapter 2 are 
relatively large in size (15 nm) and have a high glass transition temperature (98.1 ˚ C). 
These properties are not suitable for LER reduction in high resolution sub-30 nm 
lithographic nodes. Herein, poly(OEGMA-stat-styrene)-b-PDMAPMA (Figure 1A) with 
much lower molecular weight was prepared and its ability to tune the nanoscale roughness 
II 
 
was explored. The incorporation of hydrophilic OEGMA units enabled the block polymer to 
be readily dispersed in water and to self-assemble into particles of less than 10 nm in 
diameter. Importantly, as a result of the incorporation of a relatively high content of the 
monomer styrene, excellent plasma etch durability was achieved. The relatively low glass 
transition temperature of the block copolymer allows thermal annealing at temperatures 
well below the Tg of the photoresist, enabling effective reduction in LER with minimal 
change to the profiles of the resist sidewalls and trenches. Partial healing of roughness in 
lithographic patterns with critical dimensions as low as 25 nm was demonstrated. Finally 
the relatively high aromatic content of the block copolymer allowed the smoothed patterns 
to be successfully transferred into the underlying silicon wafer. 
 
Most recently, block copolymer thin film self-assembly has emerged as an important next-
generation lithography technique for fabricating high resolution nanopatterns. However, in 
most of the lithography applications perpendicular block copolymer orientation needs to be 
created in specific regions. In Chapter 4, a novel photochemistry-based strategy for 
achieving spatial control of orientation of BCP nanodomain over different length scales is 
developed. The approach employs the well-understood homopolymer poly(4-
acetoxystyrene) which undergoes the photo-Fries rearrangement upon UV irradiation to 
yield potentially reactive phenolic groups. Post-exposure treatment with carboxylic acid 
chlorides under mild conditions results in the wetting behaviour of PS-b-PMMA to be 
changed from PMMA-preferential to neutral. The regions of perpendicular domains of the 
block copolymer could be arbitrarily defined by exposure through customized photomasks. 
It was found that the poly(4-acetoxystyrene) also undergoes a Fries rearrangement on 
exposure to a high energy electron beam. Using a high resolution e-beam writing 
technique, chemical patterns (300 nm line width) were fabricated, resulting in spatial 
control over the domain orientation of the BCP film at the submicron length scale. The 
interface between domains of parallel and perpendicular orientation of the BCPs was well 
defined, especially compared with the substrates patterned using the photomask. 
 
In Chapter 5, a novel multi-responsive hydrogels based on OEGMA, with simple design 
and preparation, and novel 3D shape deformation are presented. In Chapter 5, utilizing 
the light-programmed hydrophilicity, a novel and facile approach to realize the multi-stimuli 
triggered 3D shape deformations in oligo(ethylene glycol) methacrylate (OEGMA)-based 
hydrogels is proposed. The hydrogels were prepared by incorporating commercially 
available photoactive 4-acetoxystyrene monomer into crosslinked OEGMA polymer 
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network. Due to the hydrophilic hydroxyketone group produced as a result of photo-Fries 
rearrangement upon UV irradiation, the volume phase transition temperature (VPTT) of 
hydrogels were increased. Moreover, demonstrated by Raman spectroscopy, the exposed 
hydrogels are not uniform with gradient of hydroxyketone content across hydrogel 
thickness. Upon UV light irradiation, the hydrogels exhibit 3D bending backward the 
irradiated part due to the difference in swelling properties through thickness. It was found 
that the photo-induced bending angle could be controlled by adjusting the composition of 
the original hydrogels. Moreover, such irradiated hydrogels also exhibit thermo- 
controllable and ionic strength-controllable 3D deformations with reversible and repeatable 
bending angle. Impressively, we demonstrate that diverse complex 3D deformations could 
be easily achieved by patterned light irradiation through various photomasks. 
. 
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CHAPTER 1. Introduction and literature 
review 
1.1. Prologue 
One focus in this thesis is on exploiting macromolecular design to construct novel 
functional polymer materials for improved lithography technologies based on photoactive 
polymers (Chapter 2-4). Moreover, this thesis also focuses on the development of novel 
photoactive polymers which could change their macroscopic shape in response to light. 
(Chapter 5).  Herein, this chapter provides an overview of previously published work 
motivating the study described in later chapter of thesis. Section 1.2 briefly introduces the 
self-assembly behaviour of a novel type of block-random copolymer, with special 
emphasis on the aqueous solution behaviour of amphiphilic statistical copolymers 
containing styrene units. In Section 1.3 we will briefly summarize the formation of line edge 
roughness (LER) in photoresist patterns as well as proposed methods to mediate LER. In 
Section 1.4 we introduce the nanostructures formed as a result of block copolymer thin film 
assembly, followed by a summary of reported surface modification methods to induce 
perpendicular BCP lamellar orientation. Moreover, the strategies of spatial control over 
BCP orientation is introduced. A brief description of the mechanism of photo-Fries 
rearrangement followed by application in tuning surface energy would be provided in 
Section 1.5. In Section 1.6, we will discuss the hydrogel shape-programming strategies 
with a focus on the mechanics of shape change and the strategies used to program 3D 
bending and other types of complex deformations. Finally, Section 1.7 summarises the 
motivation of this thesis and provides an overview of the research described in each 
section. 
1.2 Amphiphilic block copolymers self-assembly in solution 
1.2.1 Self assembly of A-b-(B-stat-C) block copolymers in solution 
The self-assembly of block copolymers in solutions has been the subject of extensive 
study,1-3 due to the ability to create nanostructures with defined and controllable geometry, 
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size and functionality. The resulting morphologies such as spheres, rods, sheets or 
vesicles have found extensive applications ranging from medicine, nanoreactors and 
solution templates.1 However, most amphiphilic diblock copolymers composed of pure 
hydrophilic and hydrophobic blocks form out-of-equilibrium “frozen” structures,4 a 
consequence of either a glass transition temperature (Tg) above experimental conditions. 
The morphology of such self-assembled nanostructures therefore strongly depends on the 
preparation pathway,5 and so it is often a challenge to prepare reproducible self-
assembled equilibrium nanostructures. 
A method to overcome this is to incorporate a hydrophilic units within the hydrophobic 
associating block in a controlled way (Figure 1.1).6-10 The resulting amphiphilic block-
random copolymers contain at least one random block rather than only pure blocks. By 
reducing the interfacial tension between the “moderately hydrophobic” block and both the 
hydrophilic block and the aqueous medium, it could promote exchange of polymeric 
unimers within the experimental time window. For example, Colombani and coworkers 
examined the properties of diblock copolymers consisting of a hydrophilic poly(acrylic acid) 
(PAA) block and an overall hydrophobic block consisting of a statistical copolymer of n-
butyl acrylate (nBA) and AA.4 They observed that even though pure PnBA-b-PAA diblocks 
formed frozen aggregates unable to exchange unimers, it was demonstrated that dynamic 
aggregates can be induced by incorporating AA units into the hydrophobic nBA block and 
dynamic exchange of unimers between particles occurs at a rate dependent on pH.5 
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Figure 1.1 Diversity of macromolecular topologies of block-random copolymers and 
terpolymers.6 
Such block-random copolymer architecture offers further opportunity to precisely control 
the material properties and endow new functionalities, providing improvements over 
conventional homopolymeric block copolymers. For example, Daniel B. Wright et al. 
achieved control of the aggregation behaviour of pH-responsive diblock copolymers of 
poly(diethylaminoethyl) methacrylate-(DEAEMA).7 The pH at which aggregation of these 
diblock copolymers occurs could be controlled and the aggregation number of polymeric 
micelles significantly increased by slightly varying the DEAEMA content (Figure 1.2). 
George Gotzamanis et al. synthesized a block copolymer with thermosensitive P(EGMA-
co-MMA) random copolymer, covalently bonded with a pH sensitive PDEA block.11 The 
behaviour of the copolymers was tunable through various stimuli including temperature, 
pH and ionic strength. The LCST was lowered by increasing the MMA content in the 
statistical block, and shows linear dependence on MMA content. Interestingly, micelles 
with different core/shell microstructures could be produced at different conditions of pH 
and temperature. 
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Figure 1.2 Change of aggregation number (A) and hydrodynamic diameter (B) with 
pH for copolymers.7 
1.2.2 Amphiphilic statistical copolymers containing styrene unit  
Amphiphilic statistical copolymers are macromolecules in which hydrophobic and 
hydrophilic units are statistically distributed, this causes them to display average properties 
with respect to the two corresponding homopolymers. We are particularly interested in the 
water-soluble amphiphilic random copolymers containing the hydrophobic styrene groups 
which offer good etch resistance (explained in Section 1.3.4). The water solubility is very 
important for practical applications.12 However, the incorporation of styrene even with a 
relative low content could result in the formation of large aggregates by altering the 
hydrophobic-hydrophilic balance.13 For example, C. K. Chee et al. indeed observed 
incorporation of styrene, through statistical free radical copolymerization with poly(N-
isopropylacrylamide) (PNIPAM),14 changes the hydrophobic/hydrophilic balance of the 
macromolecule and lowers the LCST of the system. It is also worthy to note that the 
random copolymers were not soluble in water at room temperature even with a low content 
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of styrene, 8.9 mol %. A similar phenomenon was also found for the copolymers of N-
alkylacrylamides and styrene15 in which the polymers are not water-soluble when St 
contents are higher than 9 mol% even at concentrations as low as 0.1–0.5 wt%. 
It is necessary that the content of etch resistant hydrophobic group in our designed block 
copolymers for reducing LER (explained in Chapter 3) should be relatively high, 
considering the requirement of providing good etch resistance during a pattern transfer 
process. However, for water soluble polymers such as PNIPAM and poly (N-
alkylacrylamide), the maximum incorporated content of styrene to allow the copolymers to 
be soluble in water (9 mol %) is far too low to provide good etch durability.  
In 2010, Li and colleagues copolymerized oligo(ethylene glycol) acrylate, which is another 
widely studied water-soluble monomer, with hydrophobic 2-(1,3-dioxan-2-yloxy)ethyl 
acrylate (DEA), using atom transfer radical polymerization.16 The turbidimetry results 
suggested that even the copolymers with a DEA content of as high as 85 mol% were 
soluble in water to form transparent solutions at room temperature. Furthermore, DLS 
confirmed the formation of small size aggregate (hydrodynamic diameter less than 10 nm) 
even with the content of the hydrophobic group as high as 80 mol%. 
 
1.3 Brief introduction to sources LER and its mediation  
1.3.1 Definition and sources of LER 
Gordon Moore, one of Intel’s cofounders, made a prediction in 1965 that the size of 
lithographically-printed features should shrink by 50% every 18 months in order for the 
microelectronics industry to stay competitive (Figure 1.3).17 Nowadays the feature sizes 
are currently as small as 22 nm and will likely reduce to below 10 nm in the future. At 
these small feature sizes, the inherent nanometer scale roughness of the features has 
been one of the most critical issues, because it has been extensively documented to have 
adverse effects on a number of performance parameters such as variations in transistor 
speed and local variations in voltage.18, 19 
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Figure 1.3 Moore’s Law-the density of circuit elements on microchips has doubled 
every 12 to 18 months for more than 40 years.17 
By definition, LER is the deviation of the edge of a patterned line. In contrast, line width 
roughness (LWR) is the deviation in the width of a line measured over a given length and 
quantified as the 3σ deviation of the width (Figure 1.4).17 There have been numerous 
comprehensive studies to develop a fundamental understanding of the mechanisms of 
LER formation. It is generally accepted that the sources of LER/LWR are complex and 
many factors contribute, which can be classified as non-resist related and resist 
component (formulation) related.20 
 
Figure 1.4 Illustration of the difference between LER and LWR.17  
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Non-resist related sources: Mask roughness has been reported as one of the sources of 
LER,21 where the intrinsic edge roughness of the photomask can be transferred to the 
resist image during the projection process, causing roughness of the side wall. Another 
important source of LER is aerial image contrast,22 which refers to the distribution of light 
intensity as a function of spatial position in the image plane. When the aerial image 
contrast is low the LER was higher, because of the gradient in dissolution rates as a result 
of fluctuations in the resulting acid concentration. 
Resist related sources: Chemically amplified photoresists are complex formulations 
consisting of organic solvent, polymer, PAG, base and other chemicals that confer it with 
the desired properties.23 Therefore, photoresist material parameters influence LER 
significantly. Among all of the material origins, the structure and size of the PAG has been 
proposed to have the largest influence due to random acid diffusion being thought to be 
the main mechanism of LER formation.24-27 
In chemically amplified resists, the photoacids generated via photodecomposition catalyse 
the deprotection of tertiary esters in the resist polymer and create an acid image.23 Then 
after the post-exposure bake (PEB) process, the acid image is converted to a so-called 
latent image through chemical reactions. The latent image consists of chemical 
compounds with different solubilities in a developer. However, the intermediate region is a 
mixture of soluble and insoluble molecules. Due to the non-discrete and random diffusion 
of photo generated acids through the resist polymer matrix with the mean free path of 
several nanometers, it is very likely that the acids will migrate to the unexposed areas 
when size of features has continued to decrease to the molecular level. Thus the 
inhomogeneity in the intermediate region which consists of soluble and insoluble 
molecules results in deviations along the edge of the features. 
1.3.2 Mediation of LER 
Optimizing resist formulations is one of the most widely studied methods to remediate 
surface roughness.26-28 By controlling the resist formulation parameters such as base 
quencher concentration, amount of PAG, molecular weight of polymers, molar absorbance 
and quantum efficiency of acids, PEB temperature, reduction in LER was successfully 
achieved to some extent. However, because of the well-known trade-off between 
resolution, line edge roughness (LER) and sensitivity, any progress in LER will likely be 
made at the expense of resolution or sensitivity17.  
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To overcome such challenges, developing novel resist platforms which simultaneously 
achieve low line edge roughness, high resolution and high sensitivity would be of great 
significance. New CAR systems with ionic or nonionic PAG covalently attached to the 
main-chain of photoresist polymers (known as polymer-bound PAG resists) have been 
reported.29-33 It is worthy to note that polymer-bound PAG resists show improved 
lithographic performance, such as high PAG loading, relatively faster photospeed, higher 
stability, lower outgassing, and lower LER than the corresponding PAG blended polymers, 
due to the more controlled acid diffusion and the reduced diffusion length. Another 
approach to overcoming problems associated with photoacid diffusion is to use 
photoresists that do not use a PAG to facilitate a switch in the solubility of the polymers. 
Recently attention has focused on the development of non-chemically amplified resists 
(non-CARs) for future lithography nodes.34-36 One type of the (non-CARs) resist relies on 
direct photolysis of the polymer backbone to give a molecular weight based solubility 
switch.37 The other approach is the development of non-chemically non-CARs negative 
resists consisted of a radiation-sensitive sulfonium groups that upon exposure, undergo a 
polarity change from hydrophilic to more-hydrophobic sulfides.34 Furthermore, molecular 
glass resists38, 39 as well as inorganic photoresists40-45 have gained considerable attention 
as new patterning materials over the past few years.  
Post processing methods: Processes to improve patterned resists after development are 
being actively explored in industry as a potential and promising solution to reduce LER to 
the targets set by the semiconductor industry.46-54 Dammel et al. studied the effect of hard 
bake on LER on two types of photoresist.55 After the resists were baked above the glass 
transition temperature, both resists showed smoothing of LER as a result of thermal flow. 
However, it was observed that thermal flow caused by hard bake also resulted in a serious 
problem. Significant changes in the critical dimension (CD) and wall angle were observed 
as a result of excessive flow, which could have severe consequences for the subsequent 
pattern transfer process. 
Compared to conventional heating methods using a furnace or hot-plate, continuous wave 
(CW) laser heating can heat samples to a high temperature in the sub-millisecond time 
frame. Most recently, Ober and his colleagues used this technique to anneal EUV resist 
patterns to peak temperatures (175–450˚C) much higher than Tg of the resist (100 C).56 
Significant LWR smoothing behaviour was observed for all of the resist samples. Another 
advantage of using this CW laser heating technique to smooth patterned resists was 
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minimal changes in the sidewall angle and trench profiles due to nanoscale flow over the 
sub-millisecond time frames. 
Although those post-processing methods have demonstrated reduced roughness with 
relatively high efficiency, the success in mediating LER is counteracted by significant 
changes in the critical dimension and pattern profiles as a result of photoresist collapse or 
the need for specialist expensive equipment. Therefore, it would be significant that a 
readily scalable and cost effective procedure of smoothing LER after the lithography step 
is developed in order to get overall improvement in the resist process performance. 
 
Figure 1.5 (a) Preparation of PtBMA and chain extension of a PtBMA macroinitiator. 
(b) The process for healing the roughness of lithographically printed features.57 
To date, our group developed a novel method to smooth the LER of lithography patterns 
by treating EUVL resists with aqueous solutions of block copolymers (Figure 1.5).57 The 
block copolymers were carefully designed in which one block was capable of carrying a 
positive charge which facilitated the adhesion of the polymers to resist sidewalls, while the 
second block was designed to have a Tg value that was less than that of the typical resist 
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polymers but greater than room temperature. Through a controlled annealing step a 
significantly reduced roughness was achieved due to reorganization to minimize the free 
energy at the polymer-air interface. In the beginning, the roughness smoothing studies 
were done on planar rough surfaces and it was shown that healing of the nanoscale 
roughness by as much as 71% could be achieved following treatment and annealing. Then 
the concept was applied to resist features patterned by electron beam lithography with 
critical dimensions (CD) of 174 ± 5 nm and a LER of 5.8 ± 0.4 nm. Significantly, reduction 
in the LER value from 5.8 nm to 3.4 nm, a 58% decrease was achieved. 
1.3.3 Polymer resist durability during plasma etching 
It has been demonstrated that aromatic group-containing are highly resistant to dry 
etching.58-63 For organic polymer materials, the Ohnishi model is the widely used model for 
estimating resist material etch resistance that uses empirical formulas of polymer 
composition.64 Based on the Ohnishi model, an increase in the oxygen content of resist 
materials increases the rate of resist etching, and aromatic polymers are well known to be 
highly resistant to the dry etch process due to large C/H ratio and the ability to inhibit 
oxidation associated with hydrogen detachment by plasma free radicals. It has also been 
previously reported that incorporating etch resistant aromatic units into polymers with a low 
durability is a simple and efficient way to enhance the dry-etching resistance.61 
Importantly, there are several papers demonstrating that the dry etch durability of 
copolymers was larger than the values calculated from the homopolymers assuming 
additivity of the mol% of aromatic groups, due to quenching of the electronic energy by the 
aromatic groups.65, 66 
1.4 Block copolymer thin film assembly 
1.4.1 Block copolymer self-assembled nanostructures 
Block copolymers (BCPs) are a type of copolymer comprised of two or more distinct 
polymeric segments linked by covalent bonds.67-70 In the case of incompatibility between 
the blocks, the BCP can undergo phase separation.68 However, due to the presence of 
covalent linkages, microphase separation occurs to reduce the energetically unfavorable 
interactions. The microphase separation results in well-defined nanostructures with feature 
sizes on the order of several to hundreds of nanometers.71-73 The BCP assembled 
morphology (spheres in a body centered cubic (bcc) lattice, cylinders in a hexagonally 
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close-packed (hcp) lattice, and lamellae) is dictated by the volume fraction of each block, 
the overall degree of polymerization, and the Flory-Huggins interaction parameter, all of 
which can be controlled synthetically (Figure 1.6).  
 
Figure 1.6 A variety of nanostructures generated by BCP self-assembly. Here, f 
denotes the volume fraction of one component. b) Theoretical phase diagram of 
diblocks predicted by the self-consistent mean-field theory, depending on the 
volume fraction ( f ) of the blocks and the segregation parameter, χN , where χ is the 
Flory–Huggins segment-segment interaction energy and N denotes the degree of 
polymerization. BCC, LAM, and HEX indicate spherical, lamellar, and cylindrical 
morphologies, respectively.73 
Such well-defined BCP nanostructures can be used as the template for subsequent 
functionalization with diverse functional materials or to transfer patterns into an underlying 
substrate.74-77 As a consequence, the resulting self-assembled nanostructures show great 
promise for use in a wide range of applications including in nanolithography,78 electronic 
devices79 and biomaterials.80 In particular, owing to the ability to form sub-20 nm 
nanopatterns, which is difficult to achieve through traditional optical lithography, in 
semiconductor industry applications block copolymer self-assembly has emerged as a 
viable alternative approach to conventional photolithography with a high potential of 
gaining industrial relevance. Compared to other high resolution lithography techniques 
such as extreme ultraviolet81 and electron beam lithography,82 block copolymer lithography 
exhibits advantages such as high throughput as well as low cost and has become one of 
the most important next-generation lithography techniques. 
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1.4.2 Control the orientation of block copolymer through surface modification 
 
Figure 1.7 Wetting behaviors of block copolymer films on substrates: (A) symmetric 
wetting (The red block wets both the free surface and the substrate interface.), (B) 
asymmetric wetting (The red and green blocks wet the free surface and the 
substrate interface, respectively.), (C and D) neutral wetting (The substrate is non-
preferential to both blocks.)84 
Block copolymer self-assembly in thin films differs in important ways from bulk phase 
behaviour. Two additional factors play a role in determining block copolymer thin film 
morphology: the surface/interface energies as well as interplay between the film thickness 
and the natural period, L0, of the bulk microphase-separated structures.83 For example, 
preferential interactions between the blocks and the interfaces typically results in a parallel 
orientation of microdomains with respect to the substrate (Figure 1.7). Using a so-called 
“neutral” surface which has equal surface interaction to either block, the BCP thin-film 
could adopt vertical lamellae or cylindrical morphologies over large areas. Moreover, 
differences between the overall film thickness and multiples of the bulk domain periodicity 
(L0) of the BCP was also demonstrated to significantly affect the orientation. If the film 
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thickness is not commensurate with the bulk domain periodicity, island or hole topographic 
features are observed on the surface. The thin film thickness is quantized in values of nLo 
for symmetric wetting and quantized in values of (n + 1/2)Lo for asymmetric wetting.  
For practical applications of BCP thin films, cylinders and lamellae oriented perpendicular 
to the substrate78, 83, 85, 86 are desirable because they can be used as templates for the 
fabrication of nanoporous membranes and pattern transfer in nanolithography. The most 
promising approach is to control the polymer/substrate interaction by modifying the 
substrate with polymer layers.78 Compared to self-assembled monolayers, the advantages 
of this approach are relative simplicity, access to a wide range of tunable surface 
interactions and uniform surface coverage.87 
In 1997, Russell and Hawker first reported the use of statistical copolymers PS-stat-PMMA 
to control the surface interactions between PS-b-PMMA and substrate.87 Hydroxyl-
terminated statistical copolymers with different compositions were synthesized by “living” 
free-radical polymerization technique. The prepared copolymers were grafted onto silicon 
wafers through the dehydration reaction between the hydroxyl groups on the copolymer 
chain and the native silicon oxide on the silicon wafer. The interfacial energies of PS and 
PMMA on PS-stat-PMMA-coated surface was calculated using contact angles of dewetted 
PS and PMMA droplets. It was found that when the styrene fraction in the copolymer is 
0.57, the interfacial energies of the PS and PMMA blocks are equal, indicating that 
substrate surface affinity can be simply altered by changing the composition of random 
copolymers. 
Subsequently, the morphology of PS-b-PMMA thin films on the copolymer-modified 
surface was studied using scanning electron microscopy. Perpendicular orientation of the 
BCP was observed when the styrene fraction in the underlayer was between 0.5-0.65, 
while island or hole topographies was formed when styrene fraction was below 0.5 or 
higher than 0.65 (Figure 1.8).88 Additional research revealed that the thickness of the BCP 
films,89 and BCP self-assembled morphology90, 91 are also very important parameters 
influencing the neutral windows for perpendicular orientation. 
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Figure 1.8 SEM images of lamellae-forming (top), PMMA cylinder-forming (middle) 
and PS cylinder-forming (bottom) PS-b-PMMA films on modified substrates with 
different mole fractions of styrene (Fst) in P(S-r-MMA)-OH brushes (Black scale bars 
represent 200 nm.)88 
The traditional approach of attaching hydroxyl terminated random copolymers to the oxide 
layer has a number of disadvantages including multiple processing steps and is not 
universally applicable for other substrates. Russell and coworkers proposed the strategy of 
crosslinked copolymers to control the surface interactions.92 After thermal annealing, 
robust and stable copolymer thin films were formed on the surface as a result of 
crosslinking reactions. Compared to traditional methods using hydroxyl terminated random 
copolymers, this method is marked with high efficiency and versatility because it requires 
only a few minutes to modify the surface and could be applied to diverse substrates such 
as Al, Si3N4, Kapton and PET. 
Statistical copolymer comprised of monomer units different to those of the block copolymer 
could also be used to control the BCP orientation. Keen et al. prepared PS-r-PMMA 
copolymers to tune the orientation of poly(styrene)-b-poly(D,L-lactide) (PS-b-PDLA).94 
Even though the random copolymers have different composition to the blocks, the neutral 
compositional window for perpendicular orientation was demonstrated through controlling 
copolymer compositions. Furthermore, rather than tuning the mole ratio in random 
copolymers containing monomer 1 with cross-linking functionality and monomers 2 and 3, 
the use of homopolymer layer represents a simpler strategy to control the BCP orientation. 
Most recently, Pang et al. reported the preparation of homopolymer mats with different 
monomer substituent for controlling surface interaction (Figure 1.9).93 The neutral 
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conditions for various block copolymers were achieved in the homopolymer mats with 
higher carbon content. Importantly, they also demonstrated that the defect density is 
reduced in directed self-assembly of BCP with density multiplication. 
 
Figure 1.9 (A) Chemical Structures of Cross-Linkable or Hydroxy-Terminated 
Homopolymers.93 (B) 2D-GISAXS patterns and SEM images (C) for PS-b-PMMA on 
the surface. 
1.4.3 Spatial control of BCP orientation 
Significant progress has been made in recent years to control orientation of BCPs to allow 
pattern transfer to a substrate. However, in most micro/nano device applications79, 80 
exploiting BCP alignment, only certain specific areas of the substrate are required to have 
the pattern transferred. Therefore, spatial control over the orientation of BCP domains over 
different length scales is necessary as only domains with perpendicular alignment are 
capable of pattern transfer into underlying substrates. Several groups have reported 
achieving spatially control of BCP orientation in combination with top-down patterning 
techniques, such as electrohydrodynamic jet printing,95 selective UV crosslinked 
surfaces,96 reactive ion etching97 and surface-embedded electrets.98 Most recently, 
photopatternable polymer surfaces have been developed as a facile and efficient strategy 
for locally controlling BCP orientation.99, 100 The advantages of this approach are relative 
simplicity, access to a wide range of tunable surface interactions and uniform surface 
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coverage For example, spatially-controlled BCP orientation was recently demonstrated 
using a terpolymer substrate blended with a light-sensitive photoacid generator (Figure 
1.10).99 The prepared terpolymers were either inherently neutral or preferential to 
poly(styrene-b-trimethylsilylstyrene). Subsequent patterning with light irradiation changed 
BCP orientation in the exposed area.  
(A) 
 
 
 (B) 
 
 
 
 
 
 
 
Figure 1.10 (A) Photochemical reaction of copolymer substrates. (B) Scanning 
electron micrographs of block copolymers on UV light patterned substrates.99 
Electron beam lithography which has the advantage that it is easily to fabricate high 
resolution feature size patterns, has been employed for spatially controlling surface 
interactions between BCPs and the substrate. Eungnak Han et al. reported design of a 
directly electron beam patternable block copolymer layer consisting of a PMMA segment 
anchored to the surface and a short PS block at the buffer layer/BCP interface.101 First, the 
neutral condition was achieved by tuning the PS block length. Subsequent e-beam 
irradiation caused the PMMA block in the buffer layer to undergo chain scission reactions 
and cleavage of the block copolymer, revealing the underlying silicon wafer which has a 
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stronger interaction with the PMMA block. After PS-b-PMMA self-assembly on such an e-
beam modified surface, alternation in the domain orientation from perpendicular to parallel 
was achieved. Most recently, Wu et al. reported the use of surface electrets defined by 
electron-beam irradiation on pure silicon wafers for spatial controlling BCP orientation 
(Figure 1.11).98 It was demonstrated that diverse complex micropatterns such as “Tai Chi” 
with perpendicularly oriented microdomains of BCP film could be fabricated due to 
generated built-in electric field on the charged electrets. 
 
Figure 1.11 (a) Surface potential image of a Tai Chi diagram fabricated by e-beam 
irradiation. (b,c) SEM images of the corresponding self-assembled morphology of 
PS(53k)-b-PMMA(54k) film with Tai-chi geometry. 98 (Scale bar is 2 µm)  
1.5 Photo-Fries rearrangement 
1.5.1 Basic mechanism and process 
In 1960, Anderson and Reese first reported the photo-Fries rearrangement process in 
which aryl esters are transformed to hydroxyketones under deep UV light (300 nm) 
irradiation.102 The main products are the corresponding ortho- and para-hydroxyketones. 
Subsequent work elucidated the mechanism of the photo-Fries rearrangement.103 In a first 
step, the aryl ester is excited into its first excited singlet state upon irradiation with UV light 
(200-250 nm), leading to cleavage of the aromatic ester into the acyl and the phenoxyl 
radical. The photogenerated radicals can recombine to the o- or p-cyclohexadienone 
derivatives as the “cage products”. A concurrent side-reaction is the liberation of small 
amounts of phenol. On the other hand, UV illumination of aryl esters also yields 
decarboxylation products. This reaction also proceeds from the excited S1 state and 
transforms the aromatic ester R–COO–R’ into a hydrocarbon R–R’. Such formation and 
liberation of CO2 could be enhanced by steric hindrance effects and limited mobility of the 
ester group in glassy polymeric matrices. 
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1.5.2 The modulation of surface energy using photo-Fries rearrangement 
The light-generated aromatic hydroxyl groups are more hydrophilic than the starting aryl 
esters, allowing control over surface energy. Kern et al. studied the surface polarity 
change in poly(4-acetoxystyrene) and two derivatives of polynorbornene after UV 
irradiation.104 The contact angle results showed a decrease in the contact angle of water 
and that the contact angle of diiodomethane increases. Moreover, in order to study the 
changes in surface tension more quantitatively, they calculated the surface energy before 
and after UV irradiation using the two harmonic liquid method. The dispersive component 
reduced and the polar component increased as a result of UV irradiation, indicating that 
photo-Fries rearrangement can lead to significant changes in the surface energy of 
polymeric materials.  
The presence of photogenerated reactive hydroxyketone group provides further 
opportunity for surface modification by post-exposure reactions. Griesser and his 
colleagues reported the post-modification of the 2-hydroxyketone photo-product with a 
range of organic compounds,105 including aliphatic acid chlorides, dansyl chloride and 2,4-
dinitrophenylhydrazine to strongly modify the UV/vis optical properties of the starting 
polymer. Irradiation through a contact mask allow spatial variation of the optical properties 
in polymeric films. The authors also reported the use of photo-Fries rearrangement for 
spatial control of surface energy across multiple length scales, by illumination through a 
contact mask, or using a scanning near-field optical microscope.106 
1.6 Shape-programming of hydrogels 
Smart actuator materials have attracted wide attention in the recent years due to their 
ability to change volume or shapes largely and reversibly upon the trigger of external 
stimuli, such as temperature, pH, light, special chemicals, ionic strength, magnetic field, 
electric field, etc. Among all of the actuator materials, hydrogels are particularly attractive 
because of its significant changes in volume under external stimuli, programmable 
complex shape changing and structural similarities to bodily tissues.107-110 The hydrogel 
materials are promising for numerous potential applications in soft robotics,111 artificial 
muscles,112 microfluidic113, 114 and three-dimensional (3D) cell culture.115, 116  
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1.6.1 2D Shape-changing of stimuli-responsive hydrogels 
Hydrogels are three-dimensional polymer networks strongly swell with water and the 
amount of water can approach up to 99 wt% of the hydrogel mass. The ability of hydrogels 
to absorb water arises from the incorporated hydrophilic functional groups. In order to 
change the hydrogels dimensions and shapes, the most commonly used strategy is to 
change the amount of water in the polymer network through tuning polymer solubility. For 
example, there has been a great amount of work reporting the swelling and shrinking of N-
isopropylacrylamide (NIPAAM)-containing hydrogels by changing the temperature.110, 117 
The transition from a hydrophilic to a hydrophobic structure of the polymer chain takes 
place when the temperature is higher than lower critical solution temperature (LCST) of 
PNIPAAM, due to formation of inter- and/or intrachain hydrogen bonds (H-bonds). As a 
result, the amount of water in the hydrogel network significantly reduced because of 
increased hydrophobicity, leading to shrinkage in the size and dimension of the hydrogels. 
Furthermore, through incorporating diverse stimuli-responsive elements into hydrogel 
network, the hydrogels which exhibiting reversible contraction/expansion110 in response to 
other stimuli such as light intensity, pH, biochemical processes, and electric and magnetic 
fields have been developed. However, since the hydrogels usually have isotropic 
structures, normally only simple 2D homogeneous expansion/contraction would be 
achieved (Figure 1.12 A), which limits their further applications. 
1.6.2 3D bending of hydrogels 
Shape-shifting of 2D polymer sheets into desired 3D shapes (Figure 1.12 B,C) holds a lot 
of promise for development of interesting materials with unprecedented functionalities and 
properties.118, 119 The formation of 3D structures from 2D flat materials could also bring 
numerous benefits for a wide range of practical applications ranging from smart 
adhesives,120 anti-fouling coatings,121 sensors.122 For example, sensors constructed in 3D 
dimension allow for the measurement of signals from three independent axes to obtain 
more accurate results. Moreover, shape-shifting mobile devices and curling of cellphone 
have been proposed for next-generation mobile device. Therefore rapidly increasing 
attention has been drawn to the design and preparation of hydrogels that can undergo 3D 
complex shape deformations such as bending, twisting, and multi-step folding. Currently, 
there are two main approaches to achieve 3D complex deformations of hydrogels by exert 
inhomogeneous stimuli (Figure 1.12 B) or through the preparation of hydrogels with 
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anisotropy structures (Figure 1.12 C).118, 119 The heterogeneous external field or structure 
could generate nonuniform stress inside the hydrogels, translating into out of plane 3D 
movement. Herein we introduce both types of the shape-programming strategies to 
induced 3D bending. 
 
 
Figure 1.12 Examples of different forms of hydrogels shape changing (A) 
Homogeneous swelling of homogeneous poly-(N,N-dimethylacrylamide)-based 
hydrogel. (B) Bending of homogeneous hydrogel in the gradient of electrical field. 
(C) Bending of hydrogels with inhomogenous structure.107 
1.6.2.1 Bi-layer hydrogel structure 
A widely applied strategy for generating the bending moments in hydrogels is to combine 
two layers of materials with different extents of water swelling in response to the same 
stimuli into a bilayer construct. The idea of bilayer bending is derived from the model of a 
bi-metallic strips developed by Timoshenko in 1925.123 According to Timoshenko, when 
laminating two layers of materials with different thermal expansion coefficients, the 
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laminate would bend in response to heat since one layer expands more than the other. 
The radius of curvature depends on the thickness and swelling properties of each layer.  
 
(A)          
 
 
 
 
(B) 
 
 
 
Figure 1.13 (A) The mechanism of a self-deformed shape memory process. (B) 
Patterned hydrogels transform from flat square shape into different 3D complex 
shapes. These deformed shapes are fixed in 0.1 M NaOH solution, and could return 
to the original planar shapes in 0.1 M HCl.124 
This strategy has been widely used in hydrogels to achieve 3D shape deformations. The 
PNIPAM hydrogel has been laminated with nanoclays,125 graphene oxide,126 and 
poly(acrylic acid)127 to fabricate 3D shape-changing movements and functional devices. 
Furthermore, the bilayer strategy can provide additional functionality and increase the 
complexity of the shape changing behaviour. Most recently, Tao Chen et al. has combined 
thermo-responsive PNIPAM with a pH-responsive poly(acrylamide)-chitosan layer (Figure 
1.1.3 A).124 The PNIPAM layer undergoes a hydrophilic-hydrophobic transition and causes 
the bending of bilayer hydrogels. Interestingly, the deformed shape generated by the 
PNIPAM layer could be stabilized due to micro-crystallization of the chitosan chains under 
alkaline conditions. The temporary bending state recovered to the original flat state by 
decreasing the pH (Figure 1.1.3 B). This combination endowed the bilayer hydrogel with 
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both the shape changing and shape memory properties. Moreover, the authors later 
achieved on-off switchable fluorescent color-changing by combining thermoresponsive 
graphene oxide-poly(N-isopropylacrylamide) (GO-PNIPAM) hydrogel layer with a pH 
responsive fluorescent hydrogel layer.128 The pH responsive hydrogel layer showed strong 
fluorescent emission in low pH conditions upon green light excitation. At low temperature 
the bilayer hydrogels was in a flat state and the pH responsive layer covered by the 
overlying GO-PNIPAM layer; no fluorescence was observed in this case observed 
because most of the excitation light was blocked. When the temperature increased above 
the LCST, the GO-PNIPAM layer shrunk and exposed the underlying pH responsive layer 
to green light, switching on the fluorescence.    
1.6.2.2 Inhomogeneous external field 
 
Figure 1.14 Representative images and sketches of the pentaerythritol ethoxylate-
(polypyrrole) film’s multistage locomotion.130 
Exposure of a material to an inhomogeneous stimulus is another strategy to induce 3D 
bending or folding of hydrogels. For example, it is well known that the swelling behaviour 
of poly(sodium acrylate) hydrogels is governed by the concentration of H+ ions in solution. 
When applying electrodes to homogenously-charged hydrogels, a strong pH gradient 
across the hydrogel is established, creating a spatial distribution of COOH and COO- 
groups within the hydrogel. The higher COOH groups concentrations diffused to the anode 
while lower COO- concentrations on the cathode could generate bending of homogeneous 
poly(sodium acrylate)-based hydrogels.129 
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Furthermore, the movement cycles of pentaerythritol ethoxylate-(polypyrrole) (PEE-PPy) 
film has been induced on the surface in response to the humidity gradient (Figure 1.14).130 
In the beginning, the bottom face absorbed more water than the top face due to the water 
gradient, which caused the film bending away from the substrate. Afterwards, the bent film 
to flip over due to the mechanical instability. Asymmetric water sorption was repeated at 
the film/substrate interface, generating horizontal movement. Finally, most of the contact 
area curled up and start a new bending-flipping cycle. 
 
Figure 1.15 Different techniques (A) photopolymerization (B) addition of magnetic 
and (C) electrically-charged nanoparticles for generating gradient in material 
properties through the thickness.118 
1.6.2.3 Gradient of Material Properties 
3D bending motion of hydrogels could also be achieved by constructing a gradient in the 
material properties across the thickness. As it is well established that the swelling degree 
of hydrogels is inversely proportional to the crosslinking density, several techniques have 
been reported for producing gradients in crosslinking densities through the thickness such 
as photopolymerization and addition of magnetic and electrically-charged nanoparticles 
(Figure 1.15).118 For example, when using the photo-polymerization process to prepare 
hydrogels, the crosslinking density is varied across the material thickness because of 
attenuation of light.131 Higher crosslinking density results in a reduced swelling ratio and 
vice versa. Submersion in water therefore results in bending and curving. Furthermore, Liu 
et al. has demonstrated remotely light-controllable hydrogels containing an o-nitrobenzyl 
derivative cross-linker.132 The photo-cleavage of the o -nitrobenzyl ester linkage by UV 
light irradiation led to the change in material properties such as degraded mechanical 
properties, increased water uptake and swelling of the hydrogel network. Because of a 
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reduced extent of cross-linking along the depth direction, a gradient in water swelling was 
generated. Therefore, instead of exhibiting expansion and contraction, the hydrogels 
would bend or fold to accommodate the mismatch of strain. 
(A) 
(B) 
 
Figure 1.16 (A) Schematic illustration of microstructure evolution in GO-clay-
PNIPAM hydrogel at the site exposed to nitrogen gas. (B) Bending actuation in 
response to temperature change.133 
Most recently, Zhu et al. used a novel one-step evaporation process to create a porous 
heterogeneous structure within a graphene oxide-clay-poly(N-isopropylacrylamide) 
hydrogel.133 Through evaporation of pregel solution containing graphene oxide (GO) 
nanosheets, clay nanoplatelets and NIPAM monomers, followed by in situ radical 
polymerization, a heterogeneous structure with a dense laminated layer and a loose 
porous layer was produced (Figure 1.16A). Because of the presence of porous 
microstructures, the composite hydrogels exhibited very rapid bending movement within 1s 
(Figure 1.16B). The heterogeneous structure also imparts the hydrogels with large 
actuation amplitude, high cycle stability, robust structural stability and good mechanical 
properties. 
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 (A)              
 
 
 
(B) 
Figure 1.17 (A) 3D shapes are generated in the circular dots patterned hydrogels.134 
(B) Images of the helices generated in the line and space patterned hydrogel 
sheets.135 
1.6.3 Complex 3D shape transformation 
In addition to simple bending motion, more complex 3D deformation has been achieved. 
Fabrication of photolithographically patterned hydrogel films that consist of multiple areas 
with different swelling properties is the most widely used method. Hayward and co-workers 
have used two steps of UV patterning irradiation to locally change the crosslinking 
densities of PNIPAAm hydrogels containing pendant benzophenone units.134 Initially the 
hydrogels with lower crosslinking density were prepared by using a low dose of UV light. 
Subsequently, areas of pre-crosslinked hydrogels were further selectively exposed to UV 
patterned irradiation, increasing the crosslinking density of the exposed areas. Because 
the patterned hydrogel film contains areas with different degrees of water uptake, the 
hydrogels are able to fold in a very complex way and various 3D shapes were formed 
using different types of patterns (Figure 1.17A). Using a similar sequential patterning 
steps, Kumacheva et al. have demonstrated planar-to-helical 3D shape transformation of 
hydrogels.135 Firstly, homogeneous PNIPAm hydrogel film was prepared by 
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photopolymerization. The film was then swollen in another ion-responsive monomer with 
addition of photoinitiator. UV illumination through a photomask resulted in localized 
generating of an interpenetrating network of hydrogel. Through controlling the angle of 
hydrogel stripes of different compositions with respect to the long axis of the sheet, the 
complex 3D cylindrical and conical helices shape deformations have been realized (Figure 
1.17B). 
  (A)      (B) 
 
 
 
 
(C)                                                                           (D) 
 
 
 
 
Figure 1.18 (A) Cu2+ ions complex locally with anionic hydrogels in the printed 
areas. (B) By alternating the field, the soft tweezers can handle and release a 0.1-g 
polydimethylsiloxane cube.136 (C) The photograph of the flatbed inkjet printer. (D) 
The complex 3D shapes deformed from 2D patterned poly(sodium acrylate) 
hydrogel sheets.137 
Ion printing offers another strategy for achieving 3D complex deformation through 
selectively control over swelling degree of hydrogels. Metal ions such as Cu2+ or Fe3+ 
could be patterned into specific areas of the charged hydrogels via direct injection (Figure 
1.18 A). The ions could bond to the hydrogel network through electrostatic interactions.136 
The increased crosslinking density of the binding sites triggers localized stress to cause 
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rapid 3D deformations. Interestingly, soft tweezers made from such Cu2+ complexed 
hydrogels are able to catch small objects by generating uniform curvature in ethanol. The 
objects would be released when the gel tweezers were placed back into water as it returns 
to its initial state (Figure 1.18 B). Most recently, Wang et al. reported a simple computer 
assisted inkjet printing to pattern poly(sodium acrylate) hydrogels (Figure 1.18 C).137 
Computer software allows easy design of digital patterns on the surface. A variety of 
complex 3D shapes, such as cylindrical shell, right handed helix, forsythia flower, saddle, 
blooming flower, and lily leaf-like shapes, are obtained by controlling the printed patterns 
(Figure 1.18 D). 
1.7 Motivation and objectives of the thesis  
Photoactive polymer materials were discovered by scientists decades ago and have found 
applications in wooden ships and early photographic images. The continually rapid 
evolution of photopolymer systems results in the development of novel materials with 
fascinating performance and processes that led to today’s highly advanced technologies. 
Photopolymer materials play a vital role in all areas of our modern life; there would be no 
computers, disk drives, microprocessors, and even solar cells without photopolymer 
materials. The exciting new growth areas for the application of photopolymers include 3D 
printing, light-emitting diodes, molecular motors, photodynamic therapy, electronics, soft 
robots, biological systems and so on. In this thesis, we focus on the utilization of 
macromolecular design strategy to fabricate novel functional polymers, in order to deal 
with challenges in lithography technologies based on photoactive polymers. In addition, 
the macromolecular design of a novel type of anisotropic hydrogels with rapid, reversible, 
repeatable and complex multiresponsive 3D shape changes but simple preparation would 
be presented. 
The aims of this project are as follows. 
1. Design and prepare such block copolymer material with targeted multifunctionalities. 
The polymers required the following three primary characteristics: (1) High hydrophobic 
styrene content to offer excellent etch resistance, (2) high solubility in aqueous media to 
form self-assembled nanoparticles in the sub-10 nm regime, (3) low glass transition 
temperature to enhance chain reorganization upon thermal annealing.  
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2. Investigate the smooth of LER in high resolution photoresist patterns through assembly 
of block copolymers. The pattern transfer of smoothed photoresist patterns into underlying 
Si wafers would be explored. Detailed study of relationship between polymer structure and 
healing performance would be investigated. 
3. To achieve spatially control over block copolymer orientation in thin films across 
different length scales, utilizing photo-Fries rearrangement process.  
4. To develop a simple strategy that is effective for fabricating multi-responsive 
poly(ethylene glycol)-based hydrogels with tunable and diverse 3D deformations, by 
utilizing light energy to create the inhomogeneous structure with hydrophilicity gradient 
across the thickness.  
In terms of these objectives, this thesis is divided into six chapters. Chapter 2 we describe 
the design, synthesis and aqueous solution behaviour of such innovative block copolymers 
poly(OEGMA-stat-styrene)-b-PDMAPMA. The aggregation behaviour of the copolymers in 
water was fully characterized by various techniques such as 1H DOSY NMR, dynamic light 
scattering, transmission electron microscopy and atomic force microscopy. In addition, 
surface activity of the copolymers at the air-water interface was measured. This work 
introduces a method for preparing water-soluble dynamic copolymer assemblies of sizes 
less than 15 nm, and with relatively high hydrophobic group content. 
In Chapter 3, the use of block copolymers poly(OEGMA-stat-styrene)-b-PDMAPMA for 
tuning the nanoscale surface roughness in lithographic patterns was described. The etch 
resistance of the block copolymers was measured. The use of such materials which has 
uniquely combined multifunctionalities in smoothing LER was evaluated. Finally, pattern 
transfer of smoothed patterns into underlying Si wafers was demonstrated. These results 
demonstrate the potential for directed self-assembly of water-soluble block copolymers to 
address the critical challenge of reducing LER of nanoscale features, and has potential to 
be used to improve pattern fidelity in advanced micro-electronics and functional device 
fabrication. 
Most recently, block copolymer thin film self-assembly has emerged as an important next-
generation lithography technique for fabricating high resolution nanopatterns. However, it 
is highly required in most of the lithography applications that perpendicular block 
copolymer orientation be arbitrary defined in specific regions. In Chapter 4, we propose a 
- 39 - 
 
novel photochemistry-based strategy for achieving spatial control of orientation of BCP 
nanodomains over different length scales. The approach uses a simple photoresponsive 
homopolymer poly(4-acetoxystyrene) substrate to tune the polymer-surface interfacial 
interactions, through exposing to the appropriate dose of UV radiation and treating with an 
acyl acid chloride. The wetting behaviour of PS-b-PMMA on the modified poly(4-
acetoxystyrene) substrate was studied. We also realized arbitrarily defining regions of 
perpendicular domains of the block copolymer through integration of such materials with 
mask-based patterning technologies and with high resolution e-beam writing. This work 
not only provides a significant advance in methods for spatially defining the orientation of 
BCP self-assembled nanostructures but also introduces a new technological application 
for photoisomerization in nanolithography. 
In Chapter 5, we propose a novel and facile approach to the fabrication of 3D shape 
changing hydrogels. The commercially available 4-acetoxystyrene unit was incorporated 
into poly(ethylene glycol) (PEG)-based hydrogel networks. Such networks are promising 
for biomedical applications due to their biocompatibility, low immunogenicity, and ease of 
use. The equilibrium water content was increased after UV irradiation because of the 
formation of more hydrophilic hydroxyketone groups as a result of the photo-Fries 
rearrangement process. A gradient in photochemical conversion across the hydrogel 
thickness was confirmed by Raman spectral. Such as-prepared hydrogels can exhibit 
remote-controllable light-driven, thermal, ion induced multiresponsive 3D bending or 
folding. Multiple types of actuations were demonstrated in the patterned hydrogels 
including site-specific folding, tubes and helices.  
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CHAPTER 2 Aqueous solution behaviour of 
novel water-soluble amphiphilic copolymers 
with elevated hydrophobic unit content 
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This aspect of my PhD research project has been published in the journal Polymer 
Chemistry. 
 
In this project, we are aiming to heal line edge roughness of nanopatterns through directed 
self-assembly of novel block copolymers. In this chapter, we report the aqueous solution 
behaviour of the designed functional block copolymers. 
2.1 Abstract 
A series of water-soluble statistical copolymers poly(OEGMA-stat-styrene) and block 
copolymers poly(OEGMA-stat-styrene)-b-PDMAPMA have been synthesized via RAFT 
polymerization. Despite the polymers having a relatively high styrene content they are 
readily soluble in water, capable of forming transparent solutions at room temperature 
without resort to conventional solvent-exchange methods. 1H DOSY NMR, dynamic light 
scattering, transmission electron microscopy and atomic force microscopy indicate that the 
copolymers containing high styrene content formed nanoaggregates less than 15 nm in 
diameter. The self-assembly behaviour of the copolymers is significantly affected by 
copolymer composition. Chain extension of poly(OEGMA-stat-styrene) with a hydrophilic 
DMAPMA block resulted in formation of larger aggregates; higher contents of OEGMA 
reduced the aggregate size. 1H NMR in D2O reveals reduced molecular mobility of styrene 
segments within the core of the block copolymer aggregates compared with the statistical 
copolymers. However, measurements of the dynamic surface tension of the copolymers at 
the air–water interface demonstrate the high surface activity of the polymers and that the 
aggregates are highly dynamic in nature. All of the copolymers are able to form stable 
foams after agitation of aqueous solutions. The study not only provides a detailed 
understanding of the limits of incorporation of hydrophobic monomers into aqueous-
soluble block copolymers, and how this affects chain dynamics, but also introduces a 
method for preparing water-dissolvable dynamic aggregates of sizes less than 15 nm. The 
dynamic nature of the polymers and the relatively high hydrophobic group content makes 
them promising materials for a number of nanotechnology applications. 
 
2.2 Introduction 
Amphiphilic block copolymers have been the subject of extensive study, due to their ability 
to self-assemble into interesting nanostructures in aqueous solution, such as micelles and 
vesicles.1–3 The study of polymer self-assembly is not only of great academic interest but 
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also of high significance for their potential applications in a wide range of fields, such as 
nanotechnology, biomedical sciences and electronics.4–7 For example, amphiphilic block 
copolymer micelles or vesicles formed in aqueous solution have been explored for drug 
delivery, since the hydrophobic core can solubilize hydrophobic drugs. Such assemblies 
have shown excellent promise for selective delivery of anticancer drugs to tumors in 
vivo.4,8 In another domain, thin films formed from self-assembly of amphiphilic polymers on 
specific surfaces can potentially be utilized to modify or impart new properties to 
surfaces.4,9 
 
Despite being widely used for these applications, amphiphilic diblock copolymers 
composed of pure hydrophilic and hydrophobic blocks have a number of drawbacks. 
Firstly, such block copolymers tend to form kinetically-trapped aggregates when dispersed 
in water,10,11 as a consequence of a high glass transition temperature of the core and 
consequently a high activation energy barrier for molecular exchange. The morphology of 
such self-assembled nanostructures therefore strongly depends on the preparation 
pathway, and so it is often a challenge to prepare reproducible self-assembled equilibrium 
nanostructures.12 In addition, in most cases amphiphilic block copolymers cannot be 
directly solubilized in water, except in the case of block copolymers with low hydrophobic 
group content. Instead, such amphiphilic block copolymers must be dispersed into 
aqueous media after initially being dissolved in a common organic solvent.2 The use of 
large quantities of organic solvent may not be desirable for some targeted applications, for 
example in the semiconductor industry.13,14 It follows that the development of novel 
amphiphilic block copolymers which can directly self-assemble in water to form 
aggregates, but still contain a relatively high content of hydrophobic units is important in 
targeted applications. 
 
Accordingly, there has recently been increasing interest in the behaviour of block 
copolymers consisting of a hydrophilic block from a single hydrophilic monomer, and a 
hydrophobic block comprised of a statistical copolymer of hydrophobic and hydrophilic 
monomers. Such a configuration allows for a range of compositions to be prepared and 
hence properties to be tuned.15 For instance, it has been reported that by adjusting the 
structure of the statistical block, such as the hydrophobic content, chain length or topology, 
a variety of material proprieties including the hydrophobicity,16,17 thermosensitivity,18–22 
electrostatic interactions,23 and mechanical properties24 could be selected. For example, 
O’Reilly et al. achieved control of the aggregation behaviour of pH-responsive diblock 
copolymers of poly(diethylaminoethyl) methacrylate-(DEAEMA). The pH at which 
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aggregation of these diblock copolymers occurs could be controlled and the aggregation 
number of polymeric micelles significantly increased by varying the DEAEMA content.25 In 
their study of poly(N-isopropylacrylamide)-b-[(nbutylacrylate)x-stat-(N,N-
dimethylacrylamide)1−x] (PNIPAM-b-[nBA-stat-DMA]) block copolymers, they found that 
the cloud point depended on aggregation number, which in turn was controlled by the 
content of the hydrophobic n-butyl acrylate.26 More recently, Colombani and coworkers 
examined the properties of diblock copolymers consisting of a hydrophilic poly (acrylic 
acid) (PAA) block and an overall hydrophobic block consisting of a statistical copolymer of 
nBA and AA.24,27–30 They observed that dynamic aggregates can be induced by 
incorporating AA units into the hydrophobic nBA block and dynamic exchange between 
unimers occurs at a rate dependent on pH,24,27 in contrast to PnBA-b-PAA diblock 
copolymers.28,29 
 
As such, A-b-(B-stat-C) block copolymers can have advantages over A-b-B copolymers, 
including the formation of reproducible equilibrium structures and precisely tunable 
material properties. Herein, we report the synthesis and aqueous solution behaviour of 
amphiphilic copolymers poly(OEGMA-stat-styrene)-b-PDMAPMA with a relatively high 
content of styrene units. Initially, both poly(OEGMA-stat-styrene) and block copolymers 
poly(OEGMA-stat-styrene)-b-PDMAPMA containing relatively high styrene contents were 
synthesized via RAFT polymerization. All of the copolymers could be readily dissolved in 
water to form aggregates. The aqueous solution properties of the series of copolymers 
were studied with DOSY NMR, dynamic light scattering, transmission electron microscopy, 
atomic force microscopy and fluorescence spectroscopy. The effect of copolymer 
composition, including styrene content, as well as the presence of the hydrophilic 
DMAPMA corona on the aqueous solution behaviour was also examined in detail. In 
addition, the surface activity of the copolymers has been studied through measurements of 
dynamic surface tension. The study not only provides a detailed understanding of the limits 
of incorporation of hydrophobic monomers in aqueous-soluble block copolymers, but also 
introduces a straight-forward method for preparing water-dissolvable sub-15 nm dynamic 
aggregates with a relatively high hydrophobic content which are promising for a range of 
nanotechnology applications. 
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2.3 Experimental 
2.3.1 Materials 
All chemicals were provided by Sigma Aldrich and used as received unless otherwise 
specified. To remove inhibitors, oligoethyleneglycol methyl ether methacrylate [475 g 
mol−1, OEGMA], styrene and N-[3-(dimethylamino)propyl]methacrylamide (DMAPMA) 
were passed through a column of activated basic alumina prior to use. 2,2′-Azobis(2-
methylpropionitrile) (AIBN) was recrystallized from methanol twice. Deionized water was 
produced by an ELGA Laboratory water station and had a resistivity of 18.2 mΩ cm−1. 
Membranes for dialysis (molecular weight cut-off of 3500 Da) were purchased from 
Thermo Fisher Scientific. Deuterated solvents (CDCl3 and D2O) were purchased from 
Cambridge Isotope Laboratories. 
 
2.3.2 Characterization 
NMR spectroscopy. 1H NMR and 1H diffusion-ordered spectra (1H DOSY) spectra were 
acquired from solutions of the polymer in CDCl3 and D2O using a Bruker Avance 400 MHz 
spectrometer at 298 K to determine the conversion of monomer to polymer, the polymer 
structure, and molecular weight of the polymers. Chemical shifts are reported relative to 
the residual protonated solvent peak.  
 
Size exclusion chromatography (SEC). SEC was performed using a Waters Alliance 
2690 Separations Module equipped with a refractive index detector (Waters 2414), UV–
visible detector (Waters 2489), auto sampler (Waters 717) and isocratic HPLC pump 
(Waters 1515). HPLC-grade THF was used as eluent at a flow rate of 1 mL min−1. The 
samples were dissolved in THF at a known concentration (1 mg mL−1) and passed through 
0.45 μm filters before testing. The molecular weight was calculated using polystyrene (PS) 
standards. SEC analysis using water as the eluent was conducted on a Shimadzu liquid 
chromatography system equipped with a Shimadzu RID-10 refractometer (λ = 633 nm), 
operating at 40 °C. Milli-Q water containing 50 mM NaNO3 (Chem-Supply, AR grade) and 
0.02% w/v NaN3 (Chem-Supply, AR grade) was used as the mobile phase at a flow rate of 
1 mL min−1. The molecular weights of the analytes were determined with reference to a 
conventional column calibrated with narrow molecular weight distribution poly(ethylene 
glycol) standards.  
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Dynamic light scattering (DLS). DLS measurements were run on a Nanoseries Zetasizer 
(Malvern, UK) containing a 2 mW He–Ne laser operating at a wavelength of 633 nm. The 
polymer concentration was 5 mg mL−1. The correlation function was measured at a 
scattering angle of 173° and analysed using the CONTIN program. Measurements of the 
hydrodynamic diameter were conducted three times to provide an average value. The 
solutions were filtered through a Millipore 0.45 μm PVDF filter into a dust-free vial prior to 
measurements. 
 
Dynamic surface tension. The critical aggregation concentration (CAC) or critical micelle 
concentration (CMC) of the polymers was assessed using a drop-shape analysis system 
(DSA 10). To measure interfacial tension kinetics, a quartz cuvette (Hellma GmbH, 
Germany) was filled with polymer solution. An air droplet (20 μL) was formed into the 
polymer solution through an inverted stainless steel needle with a diameter of 1.507 mm 
connected to a glass syringe. The interfacial tension was measured automatically over 600 
s after the initial formation of the air droplet. Prior to the measurement, the instrument was 
calibrated by forming a pure air droplet in the solution, confirming a constant interfacial 
tension of approximately 72 mN m−1 which remained unchanged for 10 min. 
 
Transmission electron microscopy (TEM). The morphology of the copolymer in water 
was observed by TEM using a FEI Tecnai F30 TEM equipped with a Gatan K2-Summit 
direct electron detector and a Gatan Model 626 cryo-holder. To prepare TEM specimens, 
400 mesh Formvar backed and carbon coated EM-grids were used. A sample volume of 1 
μl was applied on a glow discharged grid and immediately plunge frozen in liquid nitrogen 
cooled ethane. The frozen grid was cryo-transferred into the TEM and freeze-dried in the 
microscope at −90 °C over several hours. The size of the polymer particles was analyzed 
by using iTEM software (version 3.2, Soft Imaging System GmbH). 
 
Atomic force microscopy (AFM). Atomic force microscopy (AFM) was performed using a 
stand-alone MFP-3D instrument in tapping mode in air. The AFM was mounted on an 
antivibration table (Herzan LLC) and operated within an acoustic isolation enclosure 
(TMC). Height images were captured at 512 points per line at 0.8 Hz. Multi75DLC-50 
cantilevers (75 ± 15 kHz, 3 N m−1, and radius of curvature <15 nm) were obtained from 
Budget Sensors and were used for the characterization of the surface topography. The 
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mica substrates were freshly cleaved, was immersed in the polymer pure water solution for 
5 min, after which it was immersed in Milli-Q water for 10 min and thoroughly rinsed. 
 
Fluorescence spectroscopy. Fluorescence spectra of aqueous polymer solutions with N-
phenyl-1-naphthylamine (PNA) as fluorescence probe were measured with a Shimadzu 
RF-5301PC spectrophotometer at 25 °C (slit setting: excitation 5 nm and emission 3 nm). 
The samples were excited at 340 nm, and the emission spectra were recorded between 
370 and 500 nm. A plot of I400/I470 against log[polymer] gave a sigmoidal curve for all 
samples, where I400 and I470 are the intensities of the emission peaks at around 400 and 
470 nm respectively. The final concentration of the probe was adjusted to 1.2 μM by 
addition of an appropriate amount of the polymer solution. 
 
Differential scanning calorimetry (DSC). The glass transition temperatures (Tg) of the 
polymers were determined using a Mettler Toledo DSC7 under a nitrogen atmosphere. 
The sample was heated at 20 °C min−1 to 150 °C and then cooled at 20 °C min−1 to −100 
°C to remove any effects induced by prior treatment. The Tg was then determined by 
heating from −100 to 150 °C at 20 °C min−1. 
 
2.3.3 Methods 
2.3.3.1 Synthesis of poly(OEGMA-stat-styrene). The procedure for preparation of well-
defined poly(OEGMA-stat-styrene) copolymers via RAFT polymerization is illustrated in 
Scheme 1. As a representative example, OEGMA 475 (3.15 mmol), styrene (17.85 mmol), 
4-cyano-4 [(dodecylsulfanylthiocarbonyl) sulfanyl]pentanoic acid (CDTPA) (0.07 mmol, 
28.25 mg), AIBN (0.01 mmol, 1.68 mg), were dissolved in THF (3.0 mL). The flask was 
sealed with a rubber septum and the solution was deoxygenated by sparging with nitrogen 
for 20 min. After polymerizing for 11 h at 65 °C, the reaction was cooled to 0 °C in an ice 
batch and exposed to air. A 50 μL aliquot of the solution was sampled to determine 
conversion using 1H NMR. Copolymers of styrene and OEGMA with different initial feed 
ratios 90/10, 85/15, 80/20, 70/30, 60/40 were prepared using the same method. The 
conversion of styrene was determined from changes in the intensity of peaks due to the 
three vinyl protons (δ = 6.6–6.7, 5.6–5.7, and 5.1–5.2 ppm) of the monomer and the five 
aromatic protons of both monomer and polymer (δ = 6.9–7.2 ppm). The composition of the 
copolymers (mole fraction styrene) was determined by 1H NMR spectroscopy using the 
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formula I6.45–7.20/I6.45–7.20 + (5I3.60–3.90/37). Measurements in our laboratories had confirmed 
that the average length of the OEGMA side-chains is 8.5. 
 
2.3.3.2 Synthesis of macromolecular chain transfer agents (macro-CTAs), 
PDMAPMA by RAFT mediated solution polymerization 
DMAPMA (30.0 mmol, 5.433 mL), CDTPA (60.53 mg) and AIBN (2.46 mg) were dissolved 
in DMF (5 mL). The solution was transferred to a Schlenk tube and deoxygenated by 
sparging with nitrogen for 20 min. The polymerization was carried out at 65 °C and 
terminated at approximately 30% conversion. The resulting polymers were precipitated 
into n-hexane. 
 
2.3.3.3 Synthesis of poly(OEGMA-stat-styrene)-b-PDMAPMA 
PDMAPMA (0.02 mmol, 204 mg), styrene (6.4 mmol, 0.733 mL), OEGMA (1.6 mmol, 
0.704 mL), AIBN (0.004 mmol, 0.976 mg) were dissolved in DMF (1.5 mL). The solution 
was placed in a Schlenk tube and deoxygenated by sparging with nitrogen for 20 min 
before being flame sealed and immersed in a 70 °C oil bath. The crude reaction mixture 
was precipitated into cold ethyl ether and then purified by extensive dialysis in water to 
remove the low molecular species and solvent. The PDMAPMA was chain extended with 
different initial feed ratios of styrene and OEGMA ranging from 80/20, 70/30 to 60/ 40 was 
prepared using the same method. The polymerizations were stopped at conversions of 
approximately 15%, 18% and 21%, for BCP1, BCP2 and BCP3, respectively. 
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Scheme 2.1 Schematic illustration of the synthesis of statistical copolymer (A) and 
block copolymer (B). 
2.4 Results and discussion 
2.4.1 Synthesis of copolymers 
As the first step in preparation of amphiphilic block copolymers, a range of copolymers of 
styrene and OEGMA with different final comonomer compositions was synthesized by 
RAFT polymerization. The resulting copolymers have low molar mass dispersity (PDI < 
1.25), and there is good agreement between Mn determined by SEC and calculated 
theoretical values (Table 2.1). The results demonstrate that living character and good 
control were maintained during the polymerization. The value of Mn,NMR could not be 
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determined accurately due to the characteristic resonances at 0.88 and 3.22 ppm of 
dodecyl trithiocarbonate (–S–C(=S)–S–C12H25) moiety overlapping with peaks from 
OEGMA units. The values of DP of styrene and OEGMA units in the copolymers were 
accordingly calculated from the monomer conversion and the monomer-to-initiator ratio 
(Table 2.1), and the compositions of the copolymers were determined by 1H NMR and 13C-
NMR (Figure 2.1, Figure 2.2). It was found that the content of styrene in the copolymers 
was slightly lower than the monomer feed content, which may indicate that OEGMA475 
has a higher reactivity than styrene in the RAFT polymerization. In order to gain a better 
understanding of the sequence distribution of the monomers in the copolymer chains, we 
calculated the reactivity (rOEGMA and rstyrene) based on the Q and e values for each 
monomer (QOEGMA=1.36, eOEGMA=0.84, calculated from our previous work31) The reactivity 
ratios of styrene and OEGMA were estimated to be 0.53 and 0.76 respectively. Lee at al. 
previously reported rSTY = 0.53 in the copolymerization of OEGMA and styrene using atom 
transfer radical polymerization.32 
 
Figure 2.1 1H NMR spectrum of copolymer STAT1 recorded in CDCl3. 
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Table 2.1 Characterization and Properties of Copolymers 
a The degrees of polymerization (DPs) of PDMAPMA and Poly(OEGMA-stat-styrene) were 
calculated from the monomer conversion and the monomer-to-initiator ratio. b The number-
average molecular weight (Mn,SEC) was determined by size exclusion chromatography using 
polystyrene calibration. c The polydispersity index (PDI) was determined by SEC using 
polystyrene calibration. d Mn,theo was calculated using the following equation: Mn,theo = conv. 
× [monomer]/[macro-CTA] × Mmonomer + Mn,theory of macro‑CTA. e Dh of aggregates 
determined by DLS analysis at 25 °C. f Diffusion coefficient and Dh determined by DOSY 
NMR. 
To prepare block copolymers poly(OEGMA-stat-styrene)-b-PDMAPMA, macro-CTA 
agents PDMAPMA were initially synthesized with targeted DP,33-36 as it has been well 
demonstrated that the polymethacrylamido block is a good leaving group, resulting in well-
defined block copolymers. The poor fragmentation/reinitiation efficiency of the polystyrene 
macroradical necessitated the synthesis of the PDMAPMA block first. The chemical 
structure of macro-CTA agents PDMAPMA was determined by 1H NMR and 13C-NMR 
(Figure 2.3). Aqueous size exclusion chromatography was employed to determined 
average molar masses and molar mass dispersities (ÐM) of PDMAPMA and the results are 
shown in Figure 2.4. The SEC traces in Figure 2.4 show that the molecular weight 
 
CODE Styrene/ 
OEGMA 
Feed 
ratio 
nDMAPMA:
nSTY:nOE
GMA
a 
Mn,SECb 
(g mol-1) 
ÐMc Mn,theod   
(g mol-1) 
Dh 
(nm)e 
Diffusion 
Coefficientf 
(m2 s−1/) 
  
Dhf 
(nm) 
STAT1 8:2 0:51:19 11400 1.17 14600 10.2 3.81 ±0.03×10−11  12.9 
STAT2 7:3 0:63:35 18400 1.21 22000 8.3 4.92±0.02×10−11  9.1 
STAT3 6:4 0:73:63 33200 1.13 36300 7.1 6.13±0.04×10−11  8.9 
BCP1 8:2 50:56:21 - - 23100 13.7 2.87±0.06×10−11  16.6 
BCP2 7:3 50:66:36 - - 30500 10.9 3.63 ±0.03×10−11  13.1 
BCP3 6:4 50:78:63 - - 44800 8.2 4.70±0.01×10−11  10.3 
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Figure 2.2 13C NMR spectrum of poly(OEGMA-stat-styrene) in CDCl3. 
distributions were symmetric and unimodal, confirming a low number of terminated 
polymer chains. The disparity between Mn,theo and Mn,SEC may arise from the differences in 
hydrodynamic volumes of PDMAPMA and the poly(ethylene oxide) standards used in the 
SEC experiment. However, we can conclude that the PDMAPMA macro-CTA agent 
prepared in this manner have narrow molar mass dispersity of 1.10. The result is 
consistent with those reported earlier polymerizing macro-CTA agent PDMAPMA in an 
aqueous buffer with carefully controlled pH.33 The chain extension experiments from the 
macro-CTAs were carried out using different feed ratios of styrene and OEGMA, and the 
polymerizations were terminated at different time points to control the length of the blocks. 
The chemical structures of the block copolymers were characterized by 1H NMR as shown 
in Figure 2.5A. The DP of each block in poly(OEGMA-stat-styrene)-b-PDMAPMA was 
determined from the 1H NMR spectra and are listed in Table 2.1. 
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Figure 2.3 1H NMR (A) and 13C NMR (B) spectra of P(DMAPMA) in CDCl3. 
The molar ratios of styrene to OEGMA units in the statistical copolymer block of the 
copolymers were essentially identical to the composition of poly(OEGMA-stat-styrene) with 
the same feed ratio described above. Molar masses of poly(OEGMA-stat-styrene)-b-
PDMAPMA could not be determined by SEC in conventional solvents due to the tendency 
of the block copolymer to undergo aggregation. DLS measurements in various organic 
solvents including THF, DMF, DMAc and water revealed the formation of assemblies of 
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sizes between 12 and 20 nm. This behaviour has been observed in several other 
copolymer systems composed of both charged and hydrophobic monomers.37,38 In order to 
 
 
Figure 2.4 Aqueous SEC chromatogram showing molecular-weight distribution of 
P(DMAPMA). 
shed light on the formation of the block copolymers, 1H DOSY NMR experiments were 
conducted on aqueous solutions of PDMAPMA and poly(OEGMA-stat-styrene)-b-
PDMAPMA (Figure 2.5B, C).39 1H DOSY NMR provides separation in the second axis on 
the basis of differences in self-diffusion coefficients of the dissolved molecules. In aqueous 
solution at 25 °C, the macro-CTA PDMAPMA had a diffusion coefficient of 
4.80±0.05×10−11 m2s−1, while that of the corresponding diblock copolymer poly(OEGMA-
stat-styrene)-b-PDMAPMA was 3.85±0.04×10−11 m2s−1 indicating an increased 
hydrodynamic volume on chain extension. Additionally, characteristic NMR signals from 
the PDMAPMA macro-CTA and poly(OEGMA-stat-styrene) in the block copolymer are 
observed at the same diffusion coefficient, confirming the diblock nature of the polymers 
and that there was no residual PDMAPMA homopolymer.  
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Figure 2.5 1H NMR spectrum of copolymer BCP1 (A) recorded in CDCl3. DOSY 1H 
NMR spectra of (B) PDMAPMA and (C) block copolymer BCP1. 
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2.4.2 Association behaviour of copolymers in aqueous solution 
The aqueous solution behaviour of the statistical copolymers poly(OEGMA-stat-styrene) 
having different contents of styrene was examined initially. It was found that even though 
the content of the hydrophobic styrene was as high as 73 mol % (24 wt %), the polymer 
STAT1 could be directly dissolved in water to form a visually transparent solution at room 
temperature after being stirred for a few minutes. Other workers have reported that 
statistical copolymers of hydrophobic styrene and hydrophilic monomers such as N-
isopropylacrylamide40 N-alkylacrylamide,41 2-(dimethylamino)ethyl methacrylate42 were 
insoluble in water at room temperature unless the styrene content was very low (< 8 mol % 
or 15 wt %). The substantially different aqueous solubility of poly(OEGMA-stat-styrene) 
may be ascribed to the strong solvation effect offered by the relatively long oligo(ethylene 
glycol) side chain.43,44  
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6 DSC traces for the STAT1 (A), P(DMAPMA) homopolymer (B) and BCP1 
(C). 
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The statistical copolymers poly(OEGMA-stat-styrene) are intended to form the cores of 
aggregates of the block copolymers. Consequently, the mobility of the poly(OEGMA-stat-
styrene) chains is of interest. The homopolymer of OEGMA employed in this study is 
reported to have a Tg of –65°C,45 which is significantly lower than that for polymers formed 
from the other previously studied hydrophilic monomers. DSC traces for samples STAT1 
display a single Tg of -21.3°C (Figure 2.6A), which is consistent with predictions based on 
the Fox equation. The incorporation of OEGMA greatly facilitates the mobility of the 
strongly hydrophobic styrene units within the core of the block copolymers. The 
observation of a single glass transition indicates lack of blockiness in the structure, as 
predicted by the reactivity ratios for the copolymerization discussed above. After extension 
of the statistical OEGMA-styrene block with the strongly hydrophilic DMAPMA, the 
polymers were soluble in water at room temperature after stirring for less than an hour. As 
shown in Figure 2.6C, for sample BCP1, two glass transitions of -21.3°C and 98.1°C were 
clearly detected close to the temperatures of the transitions observed for the STAT1 and 
PDMAPMA, respectively. 
 
In order to explore the effect of association on the dynamic properties of the copolymers, 
1H NMR spectra in D2O at 25 °C were recorded (Figure 2.7) and can be compared with the 
spectra in the good solvent CDCl3 (Figure 2.5). In the spectra in D2O the signal from 
residual HDO appears at ∼4.7 ppm. Firstly, the proton signal of the OEGMA side chains in 
the statistical copolymer blocks becomes less intense than that in CDCl3 but is only 
broadened slightly. Thus the OEGMA segments retain a high degree of molecular mobility 
in both the statistical copolymers and after incorporation into the block copolymer. 
Secondly, in the 1H NMR spectra in D2O the proton signals of the backbone and styrene 
units in all copolymers were significantly broadened and reduced in intensity, implying that 
motion of these units in partially restricted, likely indicating inhomogeneous hydration of 
the chain segments (Figure 2.7). Further indication of restricted mobility of the styrene 
units is the reduced intensity of relevant peaks compared with spectra in chloroform. In the 
1H NMR spectra of STAT1 recorded in CDCl3, the ratio of integrals of peaks due to 
aromatic protons (6.6–7.20 ppm) to those of the OEGMA side chains (3.60–3.90 ppm) was 
2.64, whilst in D2O this ratio dropped to 1.95, indicating protons in a proportion of the 
styrene units are experiencing strong dipolar interactions in water. When the chains were 
extended to form BCP1, this ratio was further decreased to 1.08 in D2O, indicating a 
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reduction in molecular mobility of the styrene units in the presence of the DMAPMA 
corona. The differences in the molecular mobility within the cores of the assemblies 
indicate different self-assembled structures of the statistical and block copolymers.46 For 
the block copolymers the hydrophobic microdomains are well isolated and protected from 
the aqueous media by the presence of a thick hydrophilic PDMAPMA corona. On the other 
hand, in the statistical copolymers the aggregates are stabilized by OEGMA side chains, 
and it is very likely that the packing density of the hydrophobic styrene units is lower, 
reflected in the greater molecular mobility.  
 
The aggregation behaviour was further examined by measurements of fluorescence using 
N-phenyl-1-naphthylamine (PNA) as a probe molecule. In aqueous media, PNA exhibits 
very weak fluorescence with an emission maximum (λmax) at around 460 nm. However, the 
position of the emission maximum of PNA is sensitive to the polarity of its 
microenvironment and exhibits a blue shift when the polarity is reduced. These properties 
may be exploited to determine the critical aggregation concentration (CAC) of amphiphilic 
copolymers as solubilization of PNA into the hydrophobic core of aggregates is 
accompanied by a very large enhancement in fluorescence intensity.47–50 For all statistical 
copolymers (STAT1–3), the relative fluorescence intensity I400/I470 increased substantially 
as the polymer concentration increased, reaching a plateau above around 0.5 mg mL−1, 
suggesting incorporation of PNA molecules in the hydrophobic core of aggregates (Figure 
2.8). The intersection point of the linear parts of the plot yields values of CAC of 0.034, 
0.016, and 0.006 mg mL−1 for STAT3, STAT2 and STAT1, respectively. The CAC values 
are smaller for the copolymers with higher content of styrene because the higher 
hydrophobic content leads to a stronger tendency to form aggregates. 
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Figure 2.7 1H NMR spectra of copolymers STAT1 (A), STAT2(B), STAT3(C), BCP1(D), 
BCP2(E), BCP3(F) recorded in D2O at 25 °C. The solution concentrations were 5.0 
mg/mL. The peak due to residual HDO can be seen at approximately 4.7 ppm.   
The aggregation behaviour of the poly(OEGMA-stat-styrene)-b-PDMAPMA materials 
(BCP1–3) was also studied in this manner. The fluorescence measurements yielded CAC 
values of 0.008 mg mL−1, 0.020 mg mL−1 and 0.042 mg mL−1 for BCP1, BCP2 and BCP3, 
respectively. Again we see that the CAC is higher for the more hydrophilic materials. 
These values are not significantly different from the corresponding statistical copolymers in 
which the DMPMA corona is absent. Colombani et al. compared the aggregation number 
of block copolymers P(nBA1−x-stat-AAx)100-b-PAA100 with that of the parent statistical 
copolymer blocks P(nBA1−x-stat-AAx)100 as a function of degree of ionization of the charged 
PAA unit, and observed that at a relatively high degree of ionization, the aggregation 
numbers of the block copolymer and statistical copolymer were similar.30  
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Figure 2.8 Fluorescence emission spectra of STAT1 (A) at varying solution 
concentrations. (B) Plot of I400/I470 against log[polymer] for statistical copolymer (red 
line) and block copolymers (black line). 
 
Figure 2.9 Autocorrelation function for STAT1(A) and BCP1(B) and intensity size 
distributions for STAT1 (C) and BCP1 (D) measured by DLS. 
The hydrodynamic diameters of the copolymers and their assemblies at room temperature 
were measured by DLS. The volume size distributions are shown in Figure 2.9 and Figure 
2.10. The DLS intensity size distributions show the existence of two populations of 
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aggregates for each of the copolymers. Note that the CONTIN analysis reports intensity-
weighted distributions,18 and furthermore that the scattering intensity is strongly dependent 
on the diameter of the particles.51 As a consequence the intensity from larger particles is  
 
Figure 2.10 Volume size distributions of statistical copolymer block (A) and (B) 
block copolymers in aqueous solution measured by DLS. 
greatly accentuated. However, as seen in Figure 2.10, the mass (volume) of material 
within the large aggregates is vanishingly small, and a single population is seen. Figure 
2.10 shows that the average diameters of poly(OEGMA-stat-styrene), STAT1–3, increased 
with increasing content of styrene, due to the stronger tendency of the copolymer chains to 
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aggregate. Moreover, the block copolymers were observed to have slightly larger 
hydrodynamic diameters than the corresponding statistical copolymer, due as indicated 
above to the different self-assembled structures of the block and statistical copolymers,46 
as well as the increase molecular weight of the copolymer after extension with DMAPMA. 
The size of the copolymers in aqueous solution was also determined using 1H DOSY 
NMR. The DOSY spectra of STAT1 and BCP1 in D2O are shown plotted as contour plots 
in Figure 2.11. The average sizes of the polymers, calculated using the Stokes–Einstein 
equation are shown in Table 2.1, and agree well with the results from DLS. 
 
Figure 2.11 1H DOSY NMR spectra of STAT1(A) and (B) BCP1 in D2O. 
In this study we observe that the average diameters of all the copolymers in pure water are 
around 10 nm despite the polymers having a relatively high hydrophobic styrene content 
(72 mol%, 24 wt%). This is due to the incorporation of hydrophilic OEGMA segments with 
relatively long side chains which are expected to have strong solvation effect,43,44 and will 
shield to some extent the hydrophobic interactions among styrene repeat units. Similar 
observations were reported for amphiphilic copolymers of oligo(ethylene glycol) acrylate 
and acrylate monomers with six-member cyclic ortho-ester groups.52  
 
(A)
(B)
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Finally, TEM was used to characterize the morphology of the block copolymer aggregates 
and the images reveal the formation of spherical aggregates of regular shape and 
diameters in the range of 15–20 nm (Figure 2.12 A), which is in agreement with the results 
of the DLS measurements.53 AFM images of the block copolymers dip-coated onto mica 
showed particles of average diameter of 11–14 nm and height of 2–4 nm (Figure 2.12B), 
indicating some flattening of the particles on the negatively charged mica.54 
 
 
Figure 2.12 (A) TEM images (0.1 mg/mL at 25 °C) of self-assembled aggregates of 
polymers. (B) AFM images of BCP1 after dip-coating onto a mica substrate. 
 
2.4.3 Surface activity of copolymers at the air–water interface 
 
Figure 2.13 Observation of foam formation after shaking of solutions of copolymers 
in pure water. The photographs were taken three minutes after agitation. 
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An understanding of the self-assembly of amphiphilic copolymers at the water–air interface 
is important for many interface-related applications including in nanoreactors separation 
science, drug delivery and surface modification.9 In a first step, the formation and stability 
of foam for all of the polymers was observed after vigorous shaking. As shown in Figure 
2.13, all of the polymers form stable foams, indicating absorption of the polymer at the 
water–air interface because foam stability is strongly influenced by the presence of 
adsorbed molecules. Measurements of dynamic surface tension55,56 were used to further 
explore the surface activity of the copolymers. In this method, a fresh interface is created 
by the formation of an air bubble; the surfactant molecules are expected to adsorb and 
subsequently reduce the interfacial tension. The time evolution of the surface tension 
(Figure 2.14) was followed and as expected and observed by others57 at the lowest 
concentrations there was no decrease in surface tension with time. The time to achieve 
the apparent equilibrium decreased with increasing concentration as the diffusion time 
decreased. In our analysis the equilibrium surface tension was defined as the average of 
the final 15 data points in the time evolution as described by Chen et al.58 As reiterated by 
Nahringbauer59 the time to achieve a true equilibrium may be several days, especially at 
low concentrations, and therefore we observe an “apparent” equilibrium.  
The values of the equilibrium dynamic surface tension of the block copolymers in pure 
water are plotted as a function of concentration in Figure 2.15A. At the lowest 
concentrations the surface tension was greater than 70 mN m−1, similar to the surface 
tension of pure water at 25 °C. When the concentration was increased from 3 × 10−4 to 
0.03 mg mL−1 the equilibrium surface tension gradually decreased to as low as 47 mN m−1 
indicating high surface activity of the block copolymers. The decrease in surface tension 
as a function of concentration can be described by the Gibbs adsorption isotherm in which 
the decrease depends on the number of polymer segments at the interface and are shown 
in Figure 15A for BCP1–3. At the highest concentrations the rate of decrease in the 
interfacial tension changes, at the point at which there is complete surface coverage of the 
interface with the polymer chains. This concentration is slightly and systematically higher 
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Figure 2.14. Dynamic surface tension of solutions of varying concentration in water 
of copolymer BCP1 as a function of time. 
 
than the CAC for the copolymers determined by fluorescence measurements, which are 
indicated on the figure. However, in Figure 2.15A, we also see that the interfacial tension 
continues to decrease well above the point of complete coverage of the interface. This is 
due to continued adsorption of polymer chains at the interface as a function of 
concentration, as well as reorganization of the interface structure, indicative of the highly 
dynamic nature of these copolymers in solution. The precise details of the processes of 
rearrangement cannot be determined from the current measurements, however the 
continued change in surface tension likely arises from more efficient packing of the 
hydrophobic segments and presentation of the hydrophilic portions to the aqueous 
interface.  
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Figure 2.15 (A) Equilibrium dynamic surface tension of solutions of varying 
concentration in water of copolymer BCP1. (B) Dynamic surface tension of BCP1 
and STAT1 solutions with a concentration of 3 mg/mL. (C) Dynamic surface tension 
of BCP1, BCP2 and BCP3 solutions with a concentration of 3 mg/mL. 
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The change in surface tension for the copolymers with time (Figure 2.15B, C and) can 
been understood by considering the analysis of Joos and colleagues.60,61 In their 
approach, the change in interfacial tension on adsorption at the air interface can be 
described by a coupled-biexponential function. The data plotted in Figure 2.15B and C is 
within the concentrated regime. At longer times the interfacial tension decreases in an 
exponential manner with time, with the time constant τR describing the rate of 
reorganization of the chains at the interface. Our analysis shows that the time for 
reorganization, shown on the figure, is higher for the statistical copolymer STAT1 (τR ∼ 
850 s) compared with the block copolymers (τR ∼150–250 s). This is a consequence of 
the weight fraction of the hydrophobic monomer styrene being highest in the sample 
STAT1 (37 wt%) compared with contents of 17–24% in the block copolymers. In addition, 
the presence of the hydrophilic PDMAPMA block and the resulting changes in polymer 
architecture may affect the organization and packing of the copolymers at the interface.57 
For the series of block copolymers BCP1–3 the reorganization time increases slightly with 
increasing molecular weight. 
 
A notable property of the partially-charged A-b-(B-stat-C) block copolymers described here 
is their high surface activity, manifested in the relatively low surface tension and the ability 
to form stable foams. This is quite different behaviour to ionized A-b-(A-stat-B) type 
amphiphilic block copolymers. For example, the Gibbs adsorption isotherms for ionized 
PAA-b-P (AA-stat-styrene) copolymers reported by Bendejacq and coworkers62 reveal that 
these copolymers are only surface active at concentrations greater than 0.1 wt%, which is 
behaviour typical of polyelectrolytes.63,64 This lack of surface activity is despite the 
copolymers being found to clearly exhibit dynamic micellization behaviour when dispersed 
in aqueous solutions. A-b-B copolymers such as PS-b-PAA65 and poly(n-butyl acrylate)-b-
poly(3-(methacryloyloxy)ethyl)trimethylammonium chloride37 also generally do not strongly 
adsorb at the air/water interface. In these cases, this is attributed to the “kinetically frozen” 
state of the micelles due to the strongly hydrophobic nature and high molecular weight of 
the neutral block, which prevents chain reorganization. On the other hand, Figure 2.15 
shows that our poly(OEGMA-stat-styrene)-b-PDMAPMA copolymers exhibited surface 
activity at concentrations as low as 4 ×10−5 wt%. We attribute this strong surface activity to 
be a result of the poly(OEGMA-stat-styrene) block being not charged and hydrophobic 
enough to assemble at the air–water, as well as being hydrophilic enough to allow 
dynamic behaviour in aqueous solutions and reorganization at the air–water interface. 
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2.5 Conclusions 
The incorporation of a modest proportion of strongly hydrophilic OEGMA monomer into a 
styrene-containing block has allowed the preparation of novel block copolymers poly 
(OEGMA-stat-styrene)-b-PDMAPMA. Both the statistical copolymers poly(OEGMA-stat-
styrene) and the block copolymers could be directly dissolved in water and formed 
aggregates of less than around 15 nm in diameter in spite of the high molar content of 
hydrophobic styrene. The aqueous solution behaviour of the copolymers depends strongly 
on the copolymer compositions. The presence of the DMPMA corona resulted in reduced 
molecular mobility of the styrene segments and drove stronger inter-chain hydrophobic 
interactions of the core of the aggregates. Measurement of dynamic surface tension 
revealed high surface activity of the charged block copolymers and confirmed the dynamic 
nature of the assemblies of these copolymers. The strong surface activity of the 
copolymers is in contrast to previous reports of similar materials. Importantly, this study 
introduces a method for preparing water-soluble dynamic copolymer assemblies of sizes 
less than 15 nm, and with relatively high hydrophobic group content. 
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CHAPTER 3 Healing surface roughness of 
lithographic nanopatterns through sub-10 nm 
aqueous- dispersible polymeric particles with 
excellent dry etch durability 
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This aspect of my PhD research project is published in Mol. Syst. Des. Eng. 
 
3.1 Abstract  
The surface roughness in patterned features, commonly termed line-edge roughness 
(LER), is of particular concern in the manufacture of advanced micro-electronics devices. 
To address this challenge, in this section we describe an innovative polymer material 
poly(oligoethyleneglycol methyl ether methacrylate-stat-styrene)-b-P(N-[3-
(dimethylamino)propyl]methacrylamide) (poly(OEGMA-stat-styrene)-b-PDMAPMA) for 
tuning nanoscale surface roughness. It was demonstrated that the incorporation of 
hydrophilic OEGMA units enabled the block polymer to be readily dissolved in water and 
self-assemble into particles of less than 10 nm in diameter. Importantly, as a result of the 
incorporation of a relatively high content of hydrophobic styrene, excellent plasma etch 
durability was also achieved. The use of the block copolymer to smooth LER and enable 
pattern transfer was demonstrated. The relatively low glass transition temperature of the 
block copolymer allows thermal annealing at temperatures significantly below the Tg of the 
photoresist, enabling much improved LER healing with minimal change to the resist 
sidewall and trench profile. Of great significance to the field, the process of coating with 
block copolymers and mild thermal annealing is capable of smoothing LER in high 
resolution lithographic patterns with critical dimensions as low as 25 nm. Finally we 
demonstrate that these smooth patterns could be successfully transferred into the 
underlying silicon wafer. 
3.2 Introduction  
In recent years advanced nanolithography techniques have been used for microfabrication 
in a wide range of application areas, including for biomaterials,138, 139 energy140, 141 and 
microelectronics.142-144 One of the most applications of nanolithography is in the 
semiconductor industry. The rapid development of this technology has enabled computers 
to be present in almost every aspect of our daily life and has revolutionized human society. 
Despite the impressive achievements made in the field of lithography in recently years, the 
inherent roughness of printed lithographic features, commonly termed line-edge roughness 
(LER), has become a key concern for the semiconductor industry.145 It is known that the 
roughness of surfaces in fabricated nanopatterns can have deleterious effects on device 
performance, such as increased optical losses in microfabricated waveguides,146 off-state 
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leakage and reduced threshold voltage for transistors.146, 147 Therefore, in order to 
maintain progress in manufacture of semiconductor devices, the LER should be reduced 
constantly in line with the scaling nodes set by the semiconductor industry. 
 
In response to this challenge, there has been tremendous effort to develop methods for 
effectively reducing roughness in nanopatterns,148-158 and the LER should be less than 8% 
of the critical dimension according to International technology roadmap for semiconductors 
(ITRS). The first avenue to reduce LER is optimization of the resist formulation.159-161 
However, the well-known trade-off between resolution, LER and sensitivity, makes is 
extremely challenging to reduce LER without compromising these other critical resist 
performance parameters.162 Methods to reduce LER post-development,163 such as a 
thermal hard bake,149 continuous wave laser heating,164 plasma treatment156, 165 and 
solvent vapour annealing166 have also been explored in both the academic and industrial 
communities. All of these approaches require specialised equipment, and can often result 
in changes in the critical dimensions and pattern profiles.149  
 
An alternative approach introduced by our group utilizes the ability of amphiphilic 
polyelectrolytes167 to adsorb on surfaces through electrostatic attractions.31 It was reported 
that positively-charged polymersomes of amphiphilic polyelectrolytes poly(2-(N,N-
dimethylamino)ethyl methacrylate)-b-poly(tert-butyl methacrylate) (PDMAEMA-b-PtBMA) 
can be adsorbed from aqueous solution onto the side walls of patterned resists. A 
controlled annealing process168 leads to a significant reduction in the nanoscale roughness 
of the lithographic patterns. Despite the success of our previously-described approach in 
reducing LER of photoresists, two significant obstacles to commercial implementation 
remain. First, the polymers lack etch resistance, due to the lack of aromatic structures and 
the high oxygen content169 Hence transfer of the smoothed LER into the underlying 
semiconductor devices during the pattern transfer process may not be possible. Second, 
the amphiphilic block copolymers self-assemble in aqueous media into the form of 
polymersomes of diameter approximately 20 nm. Particles of this size are clearly 
incompatible with processes for the sub-30 nm lithographic nodes. Therefore, a new class 
of polymers is introduced here. The polymers form small particles (< 10 nm) in aqueous 
solution12 due to the incorporation of strongly solvating OEGMA units, and have high 
resistance to plasma etching to allow transfer of the smooth pattern to the underlying 
substrate, due to the presence of aromatic units.  
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Our approach to develop polymeric materials with the targeted properties is to build a 
block-random copolymer architecture A-b-(B-stat-C). The incorporation of B units into C 
block can lead to additional functionality and give further opportunity to tune material 
properties.170 The styrene monomer was employed as one of components to offer high 
etch resistance because of the effective quenching of the electronic energy by the 
aromatic groups.171-173  Since the styrene units are hydrophobic and are expected to drive 
the formation of large aggregates in aqueous solution, a hydrophilic monomer is 
incorporated within the B-stat-C block to minimise hydrophobic-hydrophobic interactions. 
To date however, amphiphilic statistical copolymers containing styrene, such as poly(N-
alkylacrylamide-stat-styrene),174 poly(N-isopropylacrylamide-stat-styrene)175 and poly(2-
(dimethylamino)ethyl methacrylate-stat-styrene),176 were found to be insoluble in water at 
room temperature except for copolymers with low styrene content (< 8 mol % or 15 wt %). 
The etch resistance of block copolymer materials with such low styrene content is likely to 
be severely compromised.32   
 
The design of water-soluble polymers which self-assemble into small aggregates and with 
a relatively high content of hydrophobic styrene requires that the hydrophilic repeat units 
be strongly solvated by water so as to effectively shield hydrophobic interactions between 
styrene units. Most recently, we reported that despite poly(OEGMA-stat-styrene)-b-
PDMAPMA copolymers having a relatively high styrene content,177 they are readily soluble 
in water, and capable of forming nanoaggregates of around 15 nm in diameter, as a result 
of the strong solvating power of OEGMA segments. However, the materials reported 
previously were relatively large in size (15 nm) and has a high glass transition temperature 
(98.1 ˚ C). These properties are not suitable for LER reduction in high resolution sub-30 
nm lithographic nodes. In the present study, we introduce poly(OEGMA-stat-styrene)-b-
PDMAPMA (Figure 3.1A) with much lower molecular weight than previously reported177 
and examine its ability to tune the nanoscale roughness. Such polymers are capable of 
self-assembly into sub-10 nm polymeric assemblies in water, and have excellent plasma 
etch durability. The polymeric particles could be adsorbed onto the photoresist sidewalls, 
and following thermal annealing, the LER was significantly reduced. In addition the 
process led to a minimal change in the CD and the resist sidewall profile, due to the 
relatively low glass transition temperature of this low molecular weight block copolymer. 
We demonstrated that the block copolymer was also able to smooth LER in high resolution 
lithography patterns (CD = 25 nm), and that the smoothed features could be transferred 
into the underlying silicon wafer.  
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3.3 Experimental 
3.3.1 Materials: 
All chemicals were obtained from Sigma Aldrich and used as received unless otherwise 
specified. Deionized water was produced by an ELGA Laboratory water station and had a 
resistivity of 18.2 m/cm. The block copolymers poly(OEGMA-stat-styrene)-b-PDMAPMA 
were prepared by reversible addition-fragmentation chain-transfer (RAFT) polymerization 
using the previously described method.41 
 
3.3.2 Characterization  
Zeta potential measurements of aqueous solutions of polymer were determined by 
dynamic light scattering and laser Doppler electrophoresis (Zetasizer Nano ZS, Malvern 
Instruments, Worcestershire, UK). A SurPASS electrokinetic analyzer (Anton Paar) was 
used for surface zeta potential measurements. XPS measurements were performed using 
a Kratos Axis ULTRA spectrometer (Kratos Analytical, Manchester, U.K.) with a 165 mm 
hemispherical electron-energy analyzer and monochromatic AlKα X-ray source (1486.6 
eV) operating at 300 W (15 kV, 20 mA). Survey (wide) spectra were acquired using an 
analyzer pass energy of 160 eV and carried out over a binding energy range of 1200−0 eV 
with 1.0 eV steps and 100 ms dwell time. High-resolution spectra were acquired at an 
analyzer pass energy of 20 eV with 0.1 eV steps and 250 ms dwell time, with no charge 
neutralization. The XPS spectra were analyzed using CasaXPS version 2.3.12 software. 
 
The surface topography of thin films were observed by optical microscopy using 50X or 
100X objectives (Olympus BX 60). The thicknesses of the polymer thin films and block 
copolymers were measured using a Woollam VUV-VASE32 variable angle spectroscopic 
ellipsometer. Atomic force microscopy (AFM) was performed on a MFP-3D (Asylum 
research) in tapping mode in air. In order to image the photoresist sidewall profiles, super 
sharp cantilevers (Nanosensors) with tip radius of 2 nm and nominal resonance frequency 
in the range of 204 - 497 kHz were used. Nanopatterns with different sizes of line and 
spaces were imaged using field emission scanning electron microscopy (JEOL JEM-
7800F) at an acceleration voltage of 2 kV and a working distance of 3.0 mm in gentle-
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beam mode. The CD and LER of the patterned features were analyzed using Summit 
v7.5.1, a commercial lithography metrology software package from EUV Technology 
(Martinez, CA). The LER values were determined along the full length of the line using a 
polynomial edge detection algorithm with a threshold value of 0.5 determined by the 
average line threshold reference, and the associate frequency roughness was expressed 
as a power spectral density (PSD) function. The SEM image of the etched silicon wafer 
was taken using an FEI Scios FIB - Dual Beam SEM. 
 
3.3.3 Methods 
3.3.3.1 Preparation of the Aqueous Polymer Solutions  
An aqueous solution of poly(OEGMA-stat-styrene)-b-PDMAPMA at a concentration of 5 
mg/mL was prepared by directly dissolved in water to form a transparent solution at room 
temperature after being stirred. The pH of the samples was adjusted with dropwise 
addition of dilute aqueous solutions of HCl or NaOH. 
 
3.3.3.2 Preparation of Lithographically Patterned Resists  
Silicon wafers were treated with acetone and water, followed by O2 plasma cleaning at 
200 W for 5 min in the PlasmaPro 80 RIE system. Following this an EUV-sensitive, 
positive tone photoresist TER60 (4.76 wt % poly[(4-hydroxystyrene)0.6-co-(styrene)0.2-co-
(tert-butyl acrylate)0.2], with 0.44 wt % triphenylsulfonium triflate, and 0.076 wt % 
trioctylamine in ethyl lactate) was spin-coated onto the wafers, followed by annealing at 
105 °C on a hot plate for 1 min to give a film with a thickness of 55 nm, determined by 
spectroscopic ellipsometry. Lithography line and space nanopatterns with different critical 
dimensions were patterned using an electron-beam lithography (EBL) system field 
emission scanning electron microscopy (JEOL JEM-7800F or the EUV micro-exposure-
tool (MET) from Intel Corp. at doses of 16.7 mJ/cm2. The samples were then baked at 105 
˚C for 60 s on a hot plate followed by development in 2.38% TMAH for 30 s at room 
temperature, rinsing with deionized water for 15 s and drying with a jet of N2. 
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3.3.3.3 Reactive Ion Etching  
The RIE was conducted on an Oxford Instruments PlasmaPro 80 RIE etcher with SF6 and 
CHF3 gases. CHF3 was used as a passivation gas to increase etch anisotropy and SF6 
was used as the etching gas. The wafer temperature was kept at 15 ˚C by helium back 
cooling. Transfer of the pattern to the silicon wafer substrate was performed using an SF6 
and CHF3 mixture in RIE mode at a pressure of 15 mTorr at 10 ˚C. The CHF3 flow rate 
was 35 sccm, and the SF6 flow rate was 20 sccm. 
 
3.4 Results and discussion 
3.4.1 The design and aqueous solution behaviour of water-soluble block 
copolymers 
The block copolymers were designed to have principal three characteristics: (1) high 
content of etch resistant repeat units, (2) ready dissolution in aqueous media to form small 
particles (< 10 nm) and (3) positive charge. To accomplish this block-random copolymers 
with A-b-(B-stat-C) architecture were prepared. The styrene units are expected to impart 
plasma etch resistance as it is well established that aromatic units are very effective 
electronic energy quenchers.173 However, styrene is a hydrophobic monomer and may 
drive the formation of large aggregates, unsuitable for application in sub-30 nm 
lithographic features. To achieve a high styrene content and maintain 
solubility/dispersibility in water, styrene was copolymerized with a hydrophilic monomer so 
as to shield the hydrophobic interactions. OEGMA has previously been copolymerized with 
hydrophobic methacrylate monomers to form water dispersible polymers,178 and is used in 
this work to prepare blocks containing styrene but with overall hydrophilic characteristics. 
 
In order to facilitate the charged-directed adsorption of the polymeric assemblies onto 
negatively-charged photoresist sidewalls, the block copolymer should carry a positive 
charge. This is achieved by extending the poly(OEGMA-stat-styrene) block with a block 
capable of carrying a positive charge. In our previous work we used 2-(N,N-
dimethylamino)ethyl methacrylate with pKa of 7.6 as the cationic block,31 however in this 
study a homopolymer block of DMAPMA was used. DMAPMA has two key advantages 
over DMAEMA: (1) PDMAPMA has a higher pKa of 9.4,179 with a measured zeta potential 
of + 16 mV at pH of 8.3. The high pKa means that the polymer should remain highly 
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charged at relatively high pH, resulting in a broader range of operating conditions. 
Moreover, resist sidewalls are more negatively-charged at higher pH and therefore 
 
Figure 3.1 (A) The chemical structure of water-soluble amphiphilic block copolymer 
poly(OEGMA-stat-styrene)-b-PDMAPMA (B) DSC thermograms of PDMAPMA blocks 
with different degrees of polymerization. (C) Volume size distributions of BCP-A1-A3 
in aqueous solution measured by DLS.  
stronger interactions between the ionized block copolymer and substrate may result.31 (2) 
The higher Tg of PDMAPMA180 may be used to offset the relatively low Tg of the 
poly(OEGMA-stat-styrene) (-37 °C) block which is a viscous liquid at room temperature. In 
addition, the incorporation of a “hard” DMAPMA segment with high Tg should result in 
improved processability for practical applications.  
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Table 3.1 Properties of block copolymers with different compositions 
 
 
a Reported in Reference 41. b Mn,theo was calculated using the following equation: Mn,theo = 
conv. × [monomer]/[macro-CTA] × Mmonomer + Mn,theory of macro-CTA. c Dh of 
assemblies determined by DLS analysis at 25 °C. d Diffusion coefficient and Dh 
determined by DOSY NMR. eOhnishi Parameter was calculated as reported previously.37 
 
We previously reported the synthesis and aqueous solution behaviour of the poly(OEGMA-
stat-styrene)-b-PDMAPMA.177 It was reported that the copolymers having high styrene 
content formed nanoaggregates with diameter of around 15 nm when dispersed into water. 
However, aggregates of such relatively large size are not suitable for reduction of LER in 
sub-30 nm lithographic nodes. Moreover, the DMAPMA segment in the block copolymer 
was reported to have a relatively high Tg of 98.1 ˚ C, making it difficult to select appropriate 
thermal annealing conditions since some photoresists have been reported to have Tg close 
to this value.164 Annealing above Tg of the DMAPMA block would potential result in 
collapse of the lithographic pattern. 
 
CODE nDMAPMA:nstyren
e:nOEGMA 
 
bMn,theo/g.mol-1 
 
cHydrodynamic 
Diameter/nm 
dDiffusion 
Coefficient/ m2 
s−1 
eOhnishi 
Paramete
r 
BCP-Aa 50:56:21 23100 14.7 ± 0.3 2.87±0.36×10−
11  
3.09 
BCP-
A1 
20:23:7 10230 8.0 ± 0.5 4.80±0.61×10−
11 
3.11 
BCP-
A2 
20:23:18 14530 6.8 ± 0.6 5.64±0.45×10−
11 
4.01 
BCP-
A3 
20:23:26 18330 5.6 ± 0.2 6.85±0.23×10−
11 
4.83 
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In response to these design challenges we prepared a series of low molecular weight 
block copolymers BCP-A1-A3 with different styrene contents (Table 3.1). The glass 
temperature of the homopolymer PDMAPMA with DP equal to 20 was observed to be 57.8 
°C (Figure 3.1B), significantly lower than that of DMAPMA segment in BCP-A. The block 
copolymer BCP-A1 exhibits two glass transition temperatures in the DSC traces at -31 °C 
and 58 °C (Figure 3.2). In contrast to the high molecular weight counterpart BCP-A which 
would only be dispersed into water after be magnetically shaken for 15 minutes, BCP-A1 
formed a transparent aqueous solution on shaking for ca. 15 s.  
Figure 3.2 DSC traces for BCP-A1. Two distinct transitions at around -27°C and 53°C 
are observed. 
 
Dynamic light scattering was used to determine the size of the copolymers in aqueous 
solution (Figure 3.1C). The hydrodynamic diameter of BCP-A1 was found to be 8.0 ± 0.5 
nm, significantly smaller than that of BCP-A (14.7 ± 0.7 nm). This was confirmed by 1H 
diffusion-ordered spectra DOSY NMR, and the diffusion coefficients of BCP-A and BCP-
A1 were 2.64 ± 0.05×10−11 m2s−1 and 4.88 ± 0.04×10−11 m2s−1, respectively. The average 
diameters of the series poly(OEGMA-stat-styrene)-b-PDMAPMA decreased with 
decreasing content of styrene, due to the reduced tendency of the copolymer chains to 
aggregate. Based on these results, the small assemblies of BCP A1-A3, with average 
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hydrodynamic diameters less than 8 nm in aqueous solution, are promising materials for 
smoothing LER in the sub-30 nm lithographic regime.   
 
3.4.2 Etch resistance of the block copolymers.  
In addition to a relatively low Tg and small aggregate size, another essential property of 
these copolymers is high resistance to plasma etching. Previously it was shown that LER 
after pattern transfer is related to the durability of the polymer template materials during 
the transfer process.169 If the polymeric material is unstable to plasma irradiation, 
roughness may be produced in the resist sidewalls and be subsequently transferred into 
the substrate.181 Likewise, a high etch resistance of the photoresist materials may prevent 
propagation of roughness into the semiconductor substrate.182 Therefore, in the current 
study highly etch resistant styrene units were included within the poly(OEGMA-stat-
styrene)-b-PDMAPMA with the aim to improve the etch resistance and prevent roughness 
arising from the pattern transfer.  
 
The etch resistance of the films of the block copolymers prepared by spin-coating DMF 
solutions onto silicon wafer was investigated and compared with the behaviour of TER60, 
a well-known etch-durable photoresist material. The AFM height image (Figure 3.3A) 
demonstrates a smooth initial film of RMS = 1.1 ± 0.4 nm. The high quality film forming 
behaviour is ascribed to the good solvating power of DMF solvent to both DMAMA183 and 
the poly(OEGMA-stat-styrene) blocks. 
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Figure 3.3 (A) AFM height image of a block copolymer BCP-A1 spin-coated thin film. 
Plot of block copolymer thin films thickness as determined by ellipsometry (B) and 
(C) RMS roughness determined by AFM as a function of plasma etching time. 
 
The change in thin film thickness (etching depth) for the block copolymers as a function of 
plasma irradiation time was determined by ellipsometry and the results are in Figure 3.3B. 
For all of the block copolymers, a high initial rate of loss film thickness was observed and 
this dropped after about 10 s exposure to a steady rate of etching. This is a characteristic 
response of a resist material to constant plasma etch conditions, resulting from strong 
initial plasma-induced modification of the photoresist material properties.165 Of note, the 
etch rate of block copolymer BCP-A1 with the lowest OEGMA content was found to be 
only slight higher than that of the TER60, despite having a higher Ohnishi parameter (3.11 
vs. 2.81 for TER60). This is ascribed to effective radiation energy migration and quenching 
by the phenyl rings, and so the durability of the block copolymer is higher than expected 
from that estimated using the Ohnishi model.184 Similar observations have been reported 
for copolymers of α-methylstyrene and MMA.184 The block copolymers BCP-A2 and BCP-
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A3 with much higher OEGMA contents and Ohnishi parameters were observed to be 
etched faster than BCP-A1. We conclude that the incorporation of higher levels of OEGMA 
significantly compromises the etch durability of the block copolymers. 
 
The interaction of the plasma with the polymer may itself induce surface roughness; this 
important property was measured by AFM and the results are shown in Figure 3.3 C. It 
can be seen that the RMS roughness initially increases rapidly for all polymers and 
reaches a steady value after approximately 30 s exposure. The development of surface 
roughness at short exposure times could be a result of removal of oxygen-containing 
groups and the effective breakdown of the structure of polymer chains at the film 
surface.169, 185 The reduction in rate of roughening is likely due to the formation of a more 
resistant layer by the incident plasma irradiation. The final roughness induced by the 
exposure to the plasma was in proportion to the content of OEGMA in the copolymers. 
Based on the above results, the block copolymer BCP-A1 had the most desirable 
properties and was selected for subsequent studies of healing of LER and pattern transfer 
of high resolution lithographic features. 
 
3.4.3 Properties of adsorbed block copolymers onto model flat and rough surfaces.  
In order to study the assembly of positively charged polymeric particles into resist sidewall, 
we initially prepared a crosslinked, model flat surface containing pendant tertiary esters.31 
The tertiary esters could be deprotected into carboxylic acid by UV light irradiation, 
mimicking surface charge of the resist sidewalls.31 The surface charge of the films was 
measured by streaming potential to be –87 mV at a pH of 8.3. The substrates were then 
dip-coated into an aqueous solution of the block copolymer at a pH of 8.3, followed by 
rinsing and drying with Milli-Q water and N2 to remove the unbound particles. Ellipsometry 
showed that the thickness of the polymer films before and after dip-coating with block 
copolymers was 19.3 ± 0.1 nm and 20.8 ± 0.3 nm, respectively. The coating process was 
further studied using X-ray photoelectron spectroscopy (XPS) and atomic force 
microscopy (AFM). Figure 3.4 shows the survey spectrum and high-resolution XPS 
spectra in the N1s region before and after dip-coating. It is clear that no nitrogen peak can 
be observed prior to dip-coating, while a small peak at 402 eV is evident after dip-coating, 
attributed to the nitrogen atoms in the PDMAPMA block. The appearance of the nitrogen 
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signal in XPS and increased thickness confirmed by ellipsometry clearly indicated the 
successful adhesion of the block copolymer to the model flat surface. 
Figure 3.4 The high-resolution N1s XPS spectra of the model negatively charged 
surface before (A) and after (B) deposition of the micelles. 
The morphology of the model flat surface before and after dip-coating was studied by AFM 
and the images are shown in Figure 3.5. The original model flat surface was featureless 
with a root mean square (RMS) roughness of 0.3 ± 0.1 nm (Figure 3.5A). After dip-coating 
with BCP-A1, adsorbed spherical nanoparticles with high surface coverage could be 
observed (Figure 3.5 B). The average particle diameters and particle heights were 
measured to be 25-30 nm and 1.2-2.5 nm, respectively indicating that the polymer 
particles flatten when attached to the flat surface as a result of strong electrostatic 
interactions.186 The RMS roughness of the film was found to increase to 1.1 ± 0.2 nm after 
adsorption of polymer particles.  
After attachment of the BCP assemblies, the samples were thermally annealed in vacuum 
at different temperatures for 5 minutes. An annealing temperature at 60 °C, which is close 
to the glass transition temperature of the BCP, was initially selected for this study. It was 
observed that the adsorbed polymer particles flattened more significantly and started to 
fuse together during thermal annealing (Figure 3.5C). However, the RMS surface 
roughness was found to be decreased only by 12% after annealed at this temperature. 
However, annealing at 85 °C resulted in the complete disappearance of the spherical 
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.Figure 3.5 (A-E) AFM images (1.5× 1.5 μm2) of a negatively-charge model flat 
surface (A), after coating with block copolymer BCP-A1 (B) and annealing at (C) 60 ˚ 
C, (D) 85 ˚ C, (E) 110 ˚ C. (F-J) AFM images of a model rough surface (F) and after 
coating with block copolymer and annealing at (H) 60 ˚ C, (I) 85 ˚ C, (J) 110 ˚ C. (K) 
The RMS surface-roughness of the films determined after annealing at various 
temperatures. 
 
particulate structure and the RMS surface roughness was found to be significantly reduced 
to 0.5 ± 0.2 nm (Figure 3.5D). The reduced surface roughness could be ascribed to the 
rearrangement of the polymer chains upon annealing, which subsequently result in 
spreading and interacting with each other on the surface.30 Further increasing the 
temperature to 110 °C (Figure 3.5E) resulted in values of RMS roughness that were not 
significantly different to that achieved at 85 °C (Figure 3.5K). These results indicate that 
the sub-10 nm assemblies have successfully adhered to negatively-charged surfaces and 
produced smoother surfaces after thermal annealing.  
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The concept of surface smoothing was subsequently tested with model rough surfaces 
prepared by the controlled diffusion of a photoacid, which is a model for the roughness 
produced in features of lithographically patterns.31 AFM images of the model rough surface 
(Figure 3.5F) show an RMS roughness of 1.8 ± 0.3 nm, which is equivalent to 
approximately 5.4 nm when measured at 3σ. After dip coating, spherical particles were 
observed on the rough surface (Figure 3.5G). At this stage, the RMS roughness was 
measured to be 1.7 ± 0.5 nm, similar to the model rough surface, implying the adsorbed 
block copolymer particles conformed to the underlying features. The RMS roughness was 
reduced to 1.5 ± 0.8 nm after thermal annealing at 60 °C for 5 minutes (Figure 3.5H), 
consistence with the results for the model flat surface. Further increasing the annealing 
temperature to 85 °C and 110 °C again resulted in a further reduced RMS roughness of 
1.0 ± 0.4 nm (Figure 3.5I and 3.5J). The observed surface roughness reduction could be 
explained as the rearrangement of the polymer chains to adopt a smoother surface in 
order to decrease the overall surface energy.31 
 
 
 
 
Figure 3.6 (A) Top-down SEM images of TER60 resist patterned using EBL 
lithography. (B) Patterned resist annealed at 85 °C as a negative control.  Patterned 
resists after dip-coating with BCP-A1 and annealing at 85 °C (C) and 110 °C (D). All 
scale bars are 100 nm. 
3.4.4 Healing surface roughness in lithography patterned resist features.  
The results so far presented confirm that the assemblies of BCP-A1 could adhere to 
negatively-charged surfaces and that annealing leads to significantly smoother surfaces. 
The extension of this strategy to healing of roughness in patterned resist features was then 
explored. The photoresist pattern studied here consisted of 156 nm lines and 70 nm 
spaces patterned by electron beam lithography. The 3σ LER of the lines was measured to 
be 8.0 ± 0.8 nm using the SuMMITa software (Figure 3.6A). To confirm that the annealing 
step did not alter the CD or LER of the patterns, uncoated EBL patterns were annealed at 
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85 °C for 5 mins. The average CD after this control annealing was found to be 156 ± 2 nm 
and 3σ LER equal to 7.9 ± 0.5 nm (Figure 3.6B), values close to the unannealed patterns. 
After dip-coating the EBL patterns in an aqueous solution of PCB-A1 and thermal 
annealing at 85 °C (Figure 3.6C), the 3σ LER was found to be reduced to 5.6 ± 0.5 nm (28 
% reduction in LER). However, it was observed that further annealing at 110 °C resulted in 
significant reflow or collapse of the patterned features (Figure 3.6D).  
 
The average critical dimension (CD) of EBL patterns was measured to be 160 ± 1 nm after 
polymer coating and annealing at 85 °C, indicating minimal change (less than 5 nm) in CD. 
Clearly the small size of the polymeric assemblies has minimal impact on the CD of the 
resist patterns. Such a negligible change in CD after treatment with the block copolymers 
is highly significant since most processes previously explored to reduce LER have been 
observed to significantly change the CD and the pattern profile.12 Such loss of pattern 
fidelity is not desirable for the subsequent pattern transfer. 
 
 
Figure 3.7 Power spectral density (PSD) functions for the patterned TER60 resist 
and those further treated with BCP-A1. 
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Figure 3.8 SEM images of TER60 resist patterned using EUV lithography with 45 nm 
lines and spaces (A, B, C), and 25 nm lines and spaces (D, E, F). Patterned resist 
annealed at 85 °C (B,E) as a negative control. (C,F) Patterned resists after dip-
coating with BCP-A1 and annealing at 85 °C. All scale bars are 100 nm. 
 
The line edge roughness of the EBL patterns was examined using a power spectral 
density (PSD) analysis, as presented in Figure 3.7. Because edge roughness is composed 
of a broad band of spatial frequencies, the PSD analysis can provide more detailed 
information on the roughness as a function of frequency.166 From the PSD data depicted in 
Figure 3.7, when the EBL patterned wafer was dip-coated with BCP-A1 aqueous solution 
and underwent annealing, healing of LER was observed over the entire frequency range 
from 1 μm−1 to 500 μm −1. Similar observations were previously reported for polymersomes 
assembled from amphiphilic copolymers to smooth the LER.31 
 
To demonstrate the ability of such 10-nm polymeric particles to reduce LER in high 
resolution lithography nanopatterns, line-space patterns with CD of 45 nm and 25 nm were 
printed on EUV resists using an EUVL microexposure tool (Figure 3.8). As a negative 
control, the pattern was annealed at 85 °C for 5 minutes, after which the average CD was 
found to be 46 ± 2 nm and 3σ LER equal to 5.1 ± 0.4 nm (Figure 3.8 A,D). After dip-
coating with BCP-A1 aqueous solution followed by thermal annealing at 85 °C for 5 mins 
the LER decreased from 5.1 ± 0.4 nm to 3.0 ± 0.3 nm and the average CD was measured 
to be 49 ± 1 nm. This strategy was also applied to EUVL patterned resist features with CD 
as small as 25 nm, as shown in Figure 3.8. The initial LER was found to be 5.2 ± 0.3 nm 
and was again decreased to 2.7 ± 0.4 nm following dip-coating and thermal annealing. The 
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result demonstrates that the adsorption of the sub-10 nm BCP assemblies into narrow 
trenches is feasible.  
 
 
Figure 3.9 Resist profiles obtained from AFM measurements showing (A) the 
original TER60 resist patterned by EBL lithography with 320 nm lines and 80 nm 
spaces, and after dip-coating with BCP-A1 and annealing at 85 °C (B).  
 
In order to further understand the effect of coating of the lithographic features with block 
copolymer, AFM was used to characterize the resist trench profile before and after coating 
and annealing (Figure 3.9). In order to obtain AFM images of the high aspect ratio 
photoresist profiles,164 EBL patterns with 320 nm lines and 80 nm spaces were prepared, 
and a super-sharp AFM tip with a radius of 2 nm was used to assess surface topography 
of the sidewalls and within the resist trenches. After treatment with BCP-A1 and thermal 
annealing at 85 °C, the bottom of the trench had not collapsed, in contrast with previous 
reports in which a hard bake step was used.149 Notably there is only a negligible change in 
the trench profile after the LER healing process. The thermal annealing temperature used 
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in our process is much lower than the Tg of the photoresist material. The results also 
demonstrate the significant flattening of the adsorbed polymer particles on the photoresist 
sidewall surfaces.  
 
 
Figure 3.10 Cross-sectional SEM image after Si etching using TER EBL patterns 
template. 
3.4.5 Pattern transfer of smoothed LER into the Si Substrate  
The results presented up to this point demonstrate the ability of the water-soluble block 
copolymer to smooth the LER in lithographic patterned resists. However, for successful 
implementation of this LER smoothing strategy for advanced patterning applications, it is 
essential that the improved LER be etch-transferable to underlying semiconductor 
substrates.181, 187-191 Transfer of EBL patterns with 156 nm lines and 70 nm spaces into the 
Si substrate was performed using a SF6/ CHF3 plasma, followed by complete removal of 
the photoresist using O2 plasma in order to evaluate the morphology and LER of the 
etched silicon wafer. Note that the process conditions were not fully optimised however the 
results here demonstrate the concept of transferring improved LER to the substrate. The 
tilted cross-section view shows the vertical etched Si profile (Figure 3.10), demonstrating a 
successful Si pattern transfer. The LER of the etched silicon wafer was measured to be 
7.0 ± 0.2 nm (Figure 3.12), which is slightly lower than the original EBL photoresist 
patterns (7.9 ± 0.5 nm). It is likely that the etch process itself could have slightly beneficial 
impact on the LER.28,32 The PSD analysis indicates that the high roughness frequency 
component was slightly reduced after pattern transfer, consistent with previous reports 
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Figure 3.11 Power spectral density (PSD) functions for the patterned TER60 resist 
before and after pattern transfer. 
 
 
Figure 3.12 SEM images of silicon substrate after transfer of EBL patterns into 
silicon wafers: (A) without prior block copolymer treatment; (B) without prior block 
copolymer treatment and annealed at 85 °C, and (C) treated with BCP-A1 followed 
by thermal annealing at 85 °C. 
(Figure 3.11).192 Thermal annealing (Figure 3.12) had no appreciable effect on the LER 
(6.9 ± 0.9 nm). However, the LER of the pattern transferred to the silicon wafer after 
smoothing by coating with BCP-A1 and annealing was measured to be 5.7 ± 0.5 nm 
(Figure 3.12).  The LER of the patterned resist before etch was 5.6 ± 0.5 nm (Figure 3.12) 
indicating that the improved LER was transferred virtually intact and that the smoothed 
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features are etch transferable. Similar observations were reported when using robust 
polystyrene resists as templates for pattern transfer into silicon wafer.193  
 
3.5 Conclusions 
We have demonstrated the preparation and achievement of water-soluble block 
copolymers poly(OEGMA-stat-styrene)-b-PDMAPMA with the targeted multi-
functionalities, for smoothing of roughness of lithographic features. The incorporation of 
OEGMA and a relatively high content of styrene units enabled the assembly of small size 
assemblies with diameter of 8 nm in aqueous solution and for the films formed from these 
materials to be highly resistant to plasma etching. The use of these block copolymers to 
smooth the LER of lithographic features and to enable pattern transfer was explored. The 
low glass transition temperature of the DMAPMA segments, below that of the photoresist 
substrate, enabled much improved healing of LER with minimal change to the resist trench 
profile. The innovative block copolymer materials could not only smooth LER in high 
resolution lithography patterns, but also allow transfer of the smoothed LER into the 
underlying silicon wafer. These results demonstrate the potential for directed self-
assembly of water-soluble block copolymers to address the critical challenge of reducing 
LER of nanoscale features, and has potential to be used to improve pattern fidelity in 
advanced micro-electronics and functional device fabrication.  
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CHAPTER 4 Spatial arrangement of block 
copolymer nanopatterns using a photoactive 
homopolymer substrate 
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This aspect of my PhD research project has been submitted to Proc. SPIE, 
Advances in Patterning Materials and Processes. 
 
4.1 Abstract 
Spatial control of block copolymer (BCP) orientation in thin films offers enormous 
opportunities for practical nanolithography applications. In this study, a new strategy for 
achieving spatial arrangement of nanodomains of BCPs with controlled orientation and 
over different length scales is reported. The approach employ the simple homopolymer 
poly(4-acetoxystyrene) which undergoes the photo-Fries rearrangement upon UV 
irradiation to yield potentially reactive phenolic groups. Post-exposure treatment with 
carboxylic acid chlorides under mild conditions results in the wetting behaviour of PS-b-
PMMA to be changed from PMMA-preferential to neutral. The regions of perpendicular 
domains of the block copolymer could be arbitrarily defined by exposure through 
customized photomasks. The poly(4-acetoxystyrene) also undergoes a Fries 
rearrangement on exposure to high energy electron beam.  Using a high resolution e-
beam writing technique, chemically patterns (300 nm line width) were fabricated, resulting 
in spatially control over the domain orientation of the BCP film at the submicron length 
scale. The interface between domains of parallel and perpendicular orientation of the 
BCPs is well defined, especially compared with the substrates patterned using the 
photomask.  This work not only provides a significant advance in methods for spatially 
defining the orientation of BCP self-assembled nanostructures but also introduces a new 
technological application for photoisomerization in nanolithography.  
 
4.2 Introduction 
Block copolymers (BCP) have the potential to self-assemble to form periodically-ordered, 
nanoscale morphologies with feature sizes on the order of several to hundreds of 
nanometers.1-5 Such self-assembled morphologies within thin films can be used as the 
template for functionalization to provide diverse properties,6 or to transfer patterns into an 
underlying substrate. As a consequence, the resulting self-assembled nanostructures have 
demonstrated application in a range of applications including in nanolithography,2 
electronic devices7 and biomaterials.6, 8 In particular, owing to the ability to form sub-20 nm 
nanopatterns,9-15 block copolymer self-assembly has emerged as a viable alternative 
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approach to conventional photolithography with high potential for gaining industrial 
relevance. Compared to other high resolution lithography techniques such as extreme 
ultraviolet16 and electron beam lithography,17 block copolymer lithography exhibits 
advantages such as high throughput and low cost and has become one of the most 
important next-generation lithography techniques. 
 
In recent years a large body of work has been devoted to controlling alignment of BCPS to 
allow pattern transfer to a substrate.2, 13, 18-24 In most micro/nano device  applications 
exploiting BCP alignment, such as production of field effect transistors,25 bit-patterned 
media for hard disk drives,26 surface plasmonic waveguides27-28 and energy devices7, only 
specific areas of the device are required to have patterns transferred to the substrate. 
Therefore, spatial control over the orientation of BCP domains across different length 
scales is necessary as only domains with perpendicular alignment are capable of pattern 
transfer into underlying devices.27, 29 Several groups have reported achieving spatially 
control of BCP orientation in combination with top-down patterning techniques, such as 
electrohydrodynamic jet printing,30 selective UV crosslinked surfaces31 and reactive ion 
etching.32 Most recently, photopatternable polymer surfaces has been developed as a 
facile and efficient strategy for locally controlling BCP orientation.27 The advantages of this 
approach are relative simplicity, access to a wide range of tunable surface interactions and 
uniform surface coverage compared to self-assembled monolayers substrates.18 For 
example, spatially-controlled orientation of poly(styrene-b-4-trimethylsilylstyrene) was 
demonstrated using a maleic-anhydride-styrenic terpolymer substrate blended with a light-
sensitive photoacid generator.11 The authors later demonstrated that high fidelity 
patterning and definition of alignment could be achieved in the same system by patterning 
the substrate using a 193 nm lithographic tool.33 
 
The photo-Fries rearrangement34-38 is an attractive approach to tuning interactions at 
polymer surfaces and hence alignment of BCPs. This photochemical reaction potentially 
offers light-tunable surface energy, facile post-exposure modification via nucleophilic 
reaction, and furthermore use of lithography technologies allows spatial control of the 
chemical changes.37 Over 40 years ago Li and Guillet34 studied the photo-Fries of 
poly(phenyl acrylate) in both solution and in the form of solid films. Irradiation of this 
polymer can result in the formation of both the ortho- or para-hydroxy ketone. The authors 
found a slight preference for the para-form of the photo-product (quantum yield P = 0.14) 
compared with the ortho-product O = 0.10. Approximately a decade ago Griesser and his 
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colleagues reported a series of studies of materials transformed by the photo-Fries 
rearrangement.36 Their studies included an examination of the UV irradiation of poly(4-
acetoxy styrene), the material which is the subject of this current report. Their careful IR 
spectroscopy measurements revealed characteristic changes to the IR spectra and 
confirmed that the photo-Fries mechanism was operative. They reported a yield of 30-35% 
conversion to the photo-Fries product after irradiation of a film of thickness of ca. 0.5 µm to 
a dose of 27 J cm-2. Similar findings were reported in this paper for phenyl ester 
derivatives of poly(norbornene) obtained by ring-opening metathesis polymerization. In a 
subsequent paper35 these authors reported the post-modification of the 2-hydroxyketone 
photo-product with a range of organic compounds, including aliphatic acid chlorides, 
dansyl chloride and 2,4-dinitrophenylhydrazine to strongly modify the UV/vis optical 
properties of the starting polymer. Irradiation through a contact mask allow spatial variation 
of the optical properties in polymeric films. Finally, this group also reported the photo-Fries 
rearrangement of phenyl 16-mercaptohexadecanoate self-assembled monolayers with 
resolution within the nanometre scale, by illumination through a contact mask, or using a 
scanning near-field optical microscope. In related work, Frechet and colleagues39 reported 
that the 4-formyloxy ester of styrene undergoes efficient decarboxylation to form poly(4-
hydroxystyrene). 
 
The objective of this work is to demonstrate that UV irradiation of films homopolymers of 4-
acetoxystyrene, a widely-used monomer in lithographic materials, can be used to prepare 
chemical patterns. Following by a mild post-exposure with appropriate acid chlorides, films 
with varying surface energy are produced, including areas which are so-called “neutral” 
substrates for BCP alignment. It is therefore possible to selectively align block copolymers 
of styrene and methyl methacrylate (PS-b-PMMA) perpendicular to the substrate. We have 
also found that high-resolution electron beam lithography can be used to pattern surface 
polymer interactions at submicrometer resolution, with sharper interfaces than achieved 
using a photomask.  
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4.3 Experimental  
4.3.1 Materials 
2-Cyano-2-propyl benzodithioate (CPDB) ( > 97%), 2,2′-azobisisobutyronitrile(AIBN), 
glycidyl methacrylate (GMA), 4-acextoxystyrene, propylene glycol monomethyl ether 
acetate (PGMEA) (99%), were all obtained from Sigma–Aldrich. AIBN was purified by 
recrystallization from methanol. The monomers were purified by passing through a basic 
alumina column immediately before use. All other chemicals were used as received. PS-b-
PMMA (38k-37k) block copolymers with dispersity of 1.08 were purchased from Polymer 
Source Inc. and used without further purification. 
 
4.3.2 Synthesis of crosslinkable poly(4-acetoxystyrene) 
4-acetoxystyrene (70 mmol), GMA (1.4 mmol), AIBN (6.7 × 10 − 2 mmol) and CPDB (0.23 
mmol) were mixed in a 20 mL vial and sealed with a Suba-Seal. The solution was 
deoxygenated by bubbling with Ar for 20 mins. The polymerization was allowed to proceed 
at 65 °C for at least 12 hours. The product was obtained by precipitation in n-hexane. A 
pink precipitate was obtained and this was dried under vacuum at 25 °C. 
 
4.3.3 Coating of Si wafers with crosslinkable poly(4-acetoxystyrene) 
The uncoated silicon wafers used in this study were initially cleaned via sonication in 
methanol for 3 min, acetone for 3 min, and finally in deionized water for 3 min, followed by 
drying on a hotplate for 10 min at 100 °C. The surface of each silicon wafer was then 
treated with an O2 plasma in a reactive ion etcher with a gas flow rate of 10 sccm, a 
chamber pressure of 50 mTorr, a power of 150 W, and an exposure time of 60 s. Following 
the cleaning process, all wafers were stored in a class P10000 clean room prior to use. 
Solutions of poly(4-acetoxystyrene) in toluene (0.8% w/w) were spin- coated at 3000 rpm 
onto silicon wafers and then annealed under vacuum at 160 °C for 2 days to effect 
crosslinking. Uncrosslinked polymer was removed by sonication of the coated substrate 
immersed in toluene for 1 min to leave an approximately 9 nm film of poly(4-
acetoxystyrene), as determined by ellipsometry. 
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4.3.4 UV Irradiation 
 UV irradiation experiments were carried out with an unfiltered high-pressure Hg lamp in 
air. For comparison, UV irradiation experiments were also conducted by irradiating coated 
silicon wafers inside quarts cells that were purged with nitrogen. For these experiments, 
the light intensity (power density) at the sample surface was measured with a 
spectroradiometer. The integrated power density at 254 nm was measured to be 20 
mW/cm2. Patterned structures were obtained by placing a photomask (Cr pattern on 
quartz) directly onto the polymer film prior to illumination. 
 
4.3.5 E-beam irradiation 
Electron-beam irradiation was performed on a Raith eLINE system. The chamber pressure 
was 9.0×10-5 Pa and the working distance was 10 mm. The beam current was 25.6 pA and 
the accelerating voltage was 10 kV. 
4.3.6 Post-exposure modification with carboxylic acid chlorides 
After UV illumination of crosslinked poly(4-acetoxystyrene) thin films, the wafers were 
immersed in a solution of 200 μL acid chloride and 50μL trimethylamine in 2mL DCM for 
14 h. The wafers were then rinsed with DCM and water, followed by drying in a vacuum 
oven at a pressure of (600 mmHg) at 70 °C for 4 h. 
4.3.7 Preparation of films of PS-b-PMMA 
Thin films of PS-b-PMMA were spin coated from PGMEA solutions onto a series of wafers 
coated with post-exposure modified poly(4-acetoxystyrene). The thickness of the films was 
controlled by modifying the concentration of the block copolymer solutions and by 
adjusting the spin speed of the spin coater. Samples were annealed at 220 °C on a 
hotplate for 300 s, and where specified for a further 24 h at 190 °C under a nitrogen 
atmosphere. 
4.3.8 Characterization 
The chemical composition of the polymers was confirmed by 1H NMR spectroscopy in 
solution (CDCl3) on a Bruker Avance 300 high resolution NMR spectrometer (Figure S1). 
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Size exclusion chromatography (SEC) was performed with a Waters Alliance 2690 
Separations Module equipped with Waters 2414 Refractive Index (RI) Detector, Waters 
2489 UV/Visible Detector, Waters 717 Plus Autosampler and Waters 1515 Isocratic HPLC 
Pump. THF was used as an eluent, and monodisperse polystyrene standards were used 
for calibration. The thickness of the films was measured by a Woollam VUV-VASE32 
variable angle spectroscopic ellipsometer. FTIR spectra of the thin films on silicon wafers 
were obtained using Nicolet Nexus 5700 FTIR spectrometer (Thermo Electron Corp., 
Waltham, MA) equipped with a Harrick grazing angle attenuated total reflectance (GATR) 
accessory (Harrick Scientific Products, Pleasantville, NY) fitted with a KRS-5 MIR polarizer 
(Harrick Scientific Products, Pleasantville, NY). The morphologies of selected films were 
analyzed using a JEOL JSM-7800F scanning electron microscope (SEM). Films were 
mounted onto appropriate stubs using carbon tape, and stored in a vacuum oven at 50 °C 
for at least 12 hours prior to analysis. In a typical setup, SEM micrographs were collected 
with a working distance of 2.7 mm while operating at 2 kV. XPS measurements were 
performed using a Kratos Axis ULTRA spectrometer (Kratos Analytical, Manchester, U.K.) 
with a 165 mm hemispherical electron-energy analyzer and monochromatic AlKα X-ray 
source (1486.6 eV) operating at 300 W (15 kV, 20 mA). Static contact angles were 
measured using a Data Physics Instruments Optical Contact Angle Series 5 (OCA 5) 
goniometer. The contact angles reported here were measured by the addition of a 5 μL 
drop of either water or diiodomethane at five different locations for each thin film. Surface 
energies were calculated using the harmonic mean method. Atomic force microscopy 
(AFM) was performed using a stand-alone MFP-3D instrument in tapping mode in air. The 
AFM was mounted on an antivibration table (Herzan LLC) and operated within an acoustic 
isolation enclosure (TMC). Height images were captured at 512 points per line at 0.8 Hz. 
Multi75DLC-50 cantilevers (75 ± 15 kHz, 3 N/m, and radius of curvature < 15 nm) were 
obtained from Budget Sensors and were used for the characterization of the surface 
topography. The surface morphology of the thin films was observed by optical microscopy 
using 50× or 100× objectives (Olympus BX 60). At least ten AFM or optical microscope 
images were taken in different areas of a given sample to explore the film homogeneity. 
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4.4 Results and discussion 
4.4.1 Design and preparation of polymer substrate 
 
Figure 4.1 1H NMR spectrum of poly(4-acetoxystyrene) in deuterochloroform. 
 
Previous studies have confirmed that on irradiation with UV light, poly(4-acetoxystyrene) 
undergoes a partial photo-Fries rearrangement to form a 2-acetyl phenol product. The 
maximum yield of the photo-Fries reaction reported by Frechet et al.39 was 40-50%, whilst 
Hofler et al.36 reported a yield of 32% photo-Fries product. This latter group also reported 
through IR spectroscopic measurement a loss of over 80% of the ester group, indicating 
the formation of other unspecified photo-products. These are most likely 4-hydroxystyrene 
formed by direct decarboxylation of the acetyl ester. Despite the apparent non-quantitative 
conversion of the ester to the photo-product, poly(4-acetoxystyrene) was chosen as the 
substrate material due to the extensive experience within the lithography community with 
this polymer and the copolymers of 4-acetoxystyrene, the excellent film forming properties 
and high glass transition temperature which will afford high stability of the films. The 
stability of the films was further enhanced by copolymerization with 1.8 mole % glycidyl 
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methacrylate (GMA). The polymers were prepared through reversible addition-
fragmentation chain-transfer (RAFT) polymerization (Mn= 40 kDa and ĐM= 1.10) and 
chemical structure of homopolymer was confirmed by 1H-NMR (Figure 4.1). 
 
The films of poly(4-acetoxystyrene), with thickness of 9 nm, were prepared by spin-coating 
onto silicon wafers. To allow crosslinking to occur the films were heated up to 160° for 
different lengths of times and then quenched to room temperature. Uncrosslinked polymer 
was removed by sonication of the film in toluene. The remaining thicknesses of the poly(4-
acetoxystyrene) film (Figure 4.2) rapidly increased with increasing crosslinking time, 
reaching a maximum after 5 h of heating. A similar approach was reported for films of 
poly(styrene-stat-methyl methacrylate) containing higher content of the crosslinkable GMA 
monomer.40 
Figure 4.2 The extent of poly (4-acetoxystyrene) cross-linking as quantified by the 
normalized residual film thickness as a function of the thermal annealing time. 
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Figure 4.3 GATR FTIR spectra of thin films of poly(4-acetoxystyrene) thin film after 
exposure to UV nm light at dose of 1500 mJ/cm2. 
 
4.4.2 Photo-induced changes in surface properties 
The photochemical changes occurring on UV irradiation of the film were followed using 
GATR FTIR, which permits analysis of thin films when coated on high refractive index 
substrates such as silicon wafers. Figure 4.3 shows the GATR FTIR spectra of poly(4-
acetoxystyrene) before and after UV irradiation to a dose of 1.5 J cm-2. In the spectrum of 
the unirradiated film, the peaks at 1764 cm-1 (C=O stretch) and 1197 cm-1 (asym. C-O-C 
stretch) are assigned to the ester units. Significant changes were observed after UV 
irradiation, with the signals of the phenyl ester group having significantly decreased in 
intensity. New bands are observable at 3400 cm-1, 1640 cm-1 and 1612 cm-1, which can be 
ascribed to O-H stretching vibration of hydroxyl groups and aromatic-aliphatic ketones. 
These signals are evidence of the formation of the photo-Fries product. 
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Figure 4.4 (A) Schematic illustration of photo-Fries rearrangement and post-
exposure modification. (B) GATR FTIR spectra of thin films of poly(4-
acetoxystyrene) thin films after exposure to UV light at doses of 0, 0.4, 0.9, 1.5, 2.6 
and 3.5 J cm-2. (C) The yield of hydroxyketone and ester group content as a function 
of UV irradiation dose. (D) Contact angles of water and diiodomethane on exposed 
poly(4-acetoxystyrene) thin film as a function of UV irradiation doses. (E) AFM 
height images of PS-b-PMMA films after annealing at 190 °C for 24 h in vacuum 
placed on substrates prior to irradiation. 
The yield of hydroxyketone groups as a function of dose was determined from the GATR 
FTIR spectra (Figure 4.4B). The ester C=O stretching band was observed to decrease 
significantly with increasing irradiation dose, while the bands ascribed to the photo-Fries 
product at 1640 cm-1 and 1612 cm-1 increased. The photochemical yield of hydroxyketone 
units was estimated using IR absorbance coefficients of model compounds 
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acetoxybenzene and 2-hydroxyacetophenone as previously reported.36 Figure 4.4C shows 
the percentage of hydroxyketone units with increasing exposure dose. The maximum 
hydroxyketone yield was 42% at an irradiation dose of 3.5 J cm-2. Higher doses did not 
generate additional hydroxyketone units, consistent with previous reports.39 The extent of 
loss of the acetyl ester group was estimated from the decrease in the intensity of the peak 
at 1764 cm-1 and is shown in Figure 4.4C. The maximum loss in ester groups was 
approximately 65%, slightly less than the value of 83% reported by Hofler at a much higher 
exposure dose (27 J cm-2). Changes in the surface chemistry of the photoirradiated 
substrates were determined by measurements of contact angles using water and 
diiodomethane as test liquids. Figure 4.4D illustrates the reduction in water contact angle 
with increasing light dose from 75 ° to 63 ° after exposure of 3.2 J cm-2, while the contact 
angle of diiodomethane increased strongly over the same dose range. The results indicate 
a significant increase in hydrophilicity as a result of the photo-Fries reaction. 
 
 
Figure 4.5 XPS survey scan spectra of poly(4-acetoxystyrene thin films before (A) 
and after illumination with UV-light (B), followed by posttreatment with benzoyl 
chloride (C). 
4.4.3 Controlling BCP nanodomain orientation by light 
The overall objective of this study is to control the alignment of block copolymers on the 
photo-irradiated poly(4-acetoxystyrene). Initially we examined the behaviour of 
poly(styrene-b-methyl methacrylate) (PS-b-PMMA), a well-studied system in block 
copolymer lithography,2 on the virgin substrate. PS-b-PMMA was spin-coated onto the 
poly(4-acetoxystyrene) surface and annealed at 190 °C for 24 h. An “island” morphology 
was observed by AFM indicating that the PMMA block of the BCP preferentially wets 
poly(4-acetoxystyrene) (Figure 4.4E). The PMMA block is more hydrophilic than the PS 
block. After irradiation with UV light the surface became increasingly hydrophilic (Table 
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4.1). Therefore to achieve a so-called neutral substrate, in which the PMMA and PS block 
interact equally with the substrate, a hydrophobic functional group should be attached to 
irradiated material.  
 
 
Figure 4.6 (A) GATR spectra of poly(4-acetoxystyrene) before and after illumination 
with UV- light, followed by post treatment with benzoyl chloride. (B-D) XPS O 1s 
spectra of poly(4-acetoxystyrene) thin films before (B) and after illumination with 
UV-light at dose of 3.0 J cm-2 (C), followed by post treatment with benzoyl chloride 
(D). 
To achieve a more hydrophobic surface, the irradiated poly(4-acetoxystyrene) was treated 
with benzoyl chloride, using a similar approach to Griesser et al. 35 GATR FTIR spectra of 
poly(4- acetoxystyrene) prior to reaction, the UV exposed film and the post-exposure 
modified film are shown in Figure 4.6A. After treatment with benzoyl chloride, peaks at 
1736 cm-1 and 1190 cm-1 are evident, supporting the formation of the carboxylic acid ester 
poly(4-vinylphenyl benzoate). X-ray photoelectron spectroscopy (XPS) was performed to 
further investigate the changes in surface chemistry in the modified poly(4-acetoxystyrene) 
films. The XPS survey scans (Figure 4.5) confirm the purity of the films. The high 
resolution O1s spectra of unexposed, exposed and post-exposure modified poly(4-
acetoxystyrene) films are shown in Figure 4.6D-F. For the unexposed material, the peaks 
at 532.0 eV and 533.4 are due to C=O and O=C-O, respectively. After irradiation, the O1s 
spectrum can be fitted with three peaks located at 531.8, 532.6, 533.6 eV associated with 
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C=O, C-OH and O=C-O, respectively. It is worth noting that the peak due to C-OH in the 
exposed sample was absent after post-exposure modification, suggesting the quantitative 
conversion of hydroxyl group into new carboxylic acid ester, consistent with GATR FTIR 
results. 
 
Table 4.1. Contact angles (θ) and surface energies (γ) for poly(4-acetoxystyrene) 
before and after irradiation (dose = 3.5 J cm-2) and after post exposure treatment 
with benzoyl chloride. 
 
 
 
Using the calculated dispersive, polar, and total surface energies of exposed and treated 
substrate, and the PS and PMMA blocks, the interfacial energies of two blocks41 can be 
calculated as a function of UV dose (Figure 4.7A). The interfacial energy of the PMMA 
block with the substrate (γPMMA-Sub) is at a minimum before irradiation and functionalization. 
On irradiation and treatment with benzoyl chloride, the interfacial energy γPMMA-Sub 
becomes larger. The opposite trend was observed for the energy at the PS block - 
substrate interface (γPS-Sub). Most importantly, the interfacial energies of the PS and PMMA 
blocks are almost identical when the irradiation dose is between 2.3 and 2.7 J cm-2 (Figure 
4.7A). Poly(4-acetoxystyrene) films irradiated to these doses and treated with benzoyl 
chloride are potentially neutral substrates to drive perpendicular orientation in thin films of 
PS-b-PMMA. 
 
 
 
 
 
 
 
θH20 θCH2I2 γ (mJ m-2) γD (mJ m-2) γP (mJ m-2) 
Unirradiated 75.1 ± 0.6 ˚ 31.2 ± 0.5 ˚ 51.36 40.94 8.42 
Exposed (3.5 J cm-2) 63.1 ± 0.7˚ 43.2 ± 0.8˚ 48.68 31.42 17.26 
+Benzoyl chloride 82.2± 1.1˚ 48.6 ± 0.7˚ 42.19 33.47 8.75 
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Figure 4.7 (A) Interfacial energies of PS (black circles) and PMMA (red triangles) 
blocks against the post-exposure modified poly(4-acetoxystyrene) exposed to 
different UV doses. AFM height images (B-D) and optical microscope images (E-G) 
of PS-b-PMMA films annealed at 190 °C for 24h in vacuum placed on substrates at 
different irradiation doses. The film thickness of PS-b-PMMA thin film was 1.7 L0.  
The block copolymer, PS-b-PMMA, was deposited on the post-exposure modified poly(4-
acetoxystyrene) films and the morphology examined by AFM and optical microscopy. For 
copolymers irradiated to 2.4 J cm-2, the deposited BCP displayed characteristic fingerprint 
patterns indicative of perpendicular alignment of the BCP lamellae with respect to the 
substrate. At least ten AFM images were taken at different areas of the wafer, and a highly 
uniform morphology was observed in each location. Optical microscope images show that 
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PS-b-PMMA film appears featureless at that resolution on this substrate (Figure 4.7F), 
confirming that the perpendicular orientation of the nanodomains on the substrate is 
homogeneous over a large sample area. At a lower dose (1 J cm-2 Figure 4.7B) an island 
morphology is observed, and at higher doses (3.5 J cm-2 Figure 4.7D) holes are observed. 
At low dose the PMMA block preferentially wets the substrate whilst at higher doses the 
substrate is PS wetting.  
 
Table 4.2 Contact Angle (θ) for poly(4-acetoxystyrene) after post-exposure 
modification with mixtures of acetyl chloride and 1-naphthoyl chloride at different 
ratios. 
 
 
These result so far demonstrate that alignment of the domains of PS-b-PMMA can be 
controlled by varying the UV irradiation dose and hence the content of benzoyl ester on 
the surface of the illuminated substrate. An alternative method for achieving control of 
surface energy of the substrate is to functionalize the irradiated poly(4-acetoxystyrene) 
with mixtures of acid chlorides of dissimilar intrinsic surface activity. As a proof-of-principle, 
mixtures of acetyl chloride and 1-naphthoyl chloride were used to treat poly(4-
acetoxystyrene) films exposed to UV light (3.5 J cm-2) at which dose the maximum yield of 
hydroxyketone groups was achieved. Table 4.2 lists the contact angles of poly(4-
acetoxystyrene) films modified in this manner. The water contact angles of the modified 
substrate were found to increase with increasing content of 1-naphthoyl chloride (Table 
4.2), as the naphthyl group is more hydrophobic than the methyl group.42 As shown in  
F1-naphthoyl 
chloride 
0 mol% 20 mol% 32 mol% 48 mol% 64 mol% 78 mol% 100 mol% 
θH20 76.1±0.8゜ 77.4±0.6゜ 79.2±0.3゜ 81.8±0.2゜ 84.3±0.5
゜ 
86.3±0.5
゜ 
88.5±0.7゜ 
θCH2I2 31.2±0.2゜ 33.8±0.9゜ 35.3±0.5゜ 37.8±0.3゜ 38.4±0.7
゜ 
39.6±0.2
゜ 
41.4±0.8゜ 
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Figure 4.8 (A) Interfacial energies of PS (black) and PMMA (red) blocks against the 
post-exposure modified poly(4-acetoxystyrene) substrate plotted against 1-
naphthoyl chloride content. AFM height images of PS-b-PMMA films annealed at 190 
˚ C for 24h in vacuum placed on modified substrates at different 1-naphthoyl 
chloride content 0 mol% (B), 64% mol (C), 78% mol (D), 100% mol (E). The film 
thickness of PS-b-PMMA thin film was 1.7 L0. 
Figure 4.8, the estimated interfacial energies of PS and PMMA are almost equal when the 
content of 1-naphthoyl chloride in mixtures ranging from 58-78 mol %. It was shown that 
the films post-modified with pure acetyl chloride were preferentially wet by PMMA block, 
i.e. similar to the unexposed films (Figure 4.8). A reasonable explanation for the wetting 
behaviour of the PS-b-PMMA thin films is the reappearance of acetoxy group after post-
modification. Perpendicular orientation of the annealed PS-b-PMMA were observed when 
the content of 1-naphthoyl chloride in the reaction mixture was 64 mol % (Figure 4.8. In 
contrast, a “hole” morphology were observed at higher 1-naphthoyl chloride contents as a 
result of stronger hydrophobicity and higher carbon content of the naphthoyl-substituted 
group.23 These results demonstrate that poly(4-acetoxystyrene) can be used as a 
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substrate for tuning BCP nanodomain orientation, either by controlling the UV exposure 
dose, or the composition of the mixture of acid chlorides used in the subsequent 
functionalization step. 
 
4.4.4 Patterning substrate through diverse photomasks 
 
 
Figure 4.9 (A, D, E, F, G) Optical microscopy images of self-assembled PS-b-PMMA 
films showing a range of micropatterns; (B) SEM image of the area corresponding to 
the red rectangle on the optical image in (A). (C) SEM image of the area 
corresponding to the black square on the optical image in (A). 
The combination of the photo-Fries rearrangement of poly(4-acetoxystyrene)  with 
lithographic methods can potentially allow spatial control of the orientation of BCP 
domains. To demonstrate this, the films poly(4-acetoxystyrene) were exposed with UV 
light through multiple microscale photomasks and treated with benzoyl chloride to form 
benzyl esters. Figure 4.9 shows optical microscopic images of thermally annealed PS-b-
50 µm 200 nm
50 µm 50 µm
50 µm 50 µm100 nm
A B
DC E
F G
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PMMA thin films deposited on a range of diverse patterned substrates. Customized micro-
patterns with perpendicularly oriented lamella nanodomains in the exposed area (Figure 
4.9A, D-G) were formed. In contrast, an “island” morphology was observed on the 
unexposed areas suggestive of parallel BCP domains on the strongly PMMA-preferential 
substrate. Higher magnification SEM images of the boundary between the perpendicular 
and parallel nanodomain orientations shows relatively small extension of the fingerprint 
patterns into the unexposed regions (Figure 4.9B). This could be ascribed to the low-
resolution contact printing method used, as was previously reported for patterning of a 
grafted polymer film.29 In summary, these results demonstrate manipulation of BCP 
lamellar nanodomains to form various customized micro-patterns in high fidelity even when 
using a low resolution photomask. 
 
4.4.5 Patterning with the aid of electron beam writing. 
In the preceding section we demonstrated spatial control over BCP nanodomain 
orientation using a low resolution photomask. However, more sophisticated high resolution 
lithography tools may be needed to reduce the roughness of the boundary between the 
domains of perpendicular and parallel orientation. A suitable technology for high resolution 
patterning is electron beam lithography.43-44 A number of years ago the JAERI group 
demonstrated that the Fries rearrangement in sulfonic acid esters and amides can be 
initiated by electron beam irradiation.45-46 It may not be unexpected that the Fries 
rearrangement plays a role in the high energy radiation chemistry of aryl esters since, as 
has been eloquently summarised by Miranda and Galindo 47the photochemical Fries 
rearrangement proceeds via the excited singlet state resulting in homolytic scission of the 
O-CO bond. High energy irradiation is expected result in cleavage of this bond as a major 
reaction pathway, although the energy and hence product distribution may differ 
considerably from the photochemical process. Accordingly we have examined the effect of 
electron beam irradiation on films of poly(4-acetoxystyrene). To confirm that a Fries 
mechanism is contributing to the chemical transformations on irradiation, we initially 
exposed an area of 1×1 mm2 of the film of the polymer to 10 kV electrons using a Raith 
eLINE system. The results of XPS measurements of the exposed area are shown in 
Figure 4.10A. The high resolution O 1s spectrum in Figure 4.10A-C demonstrates the 
formation of C-OH groups after electron beam irradiation with peak intensity increasing 
with e-beam dose. The phenolic product may result from either direct ester bond cleavage  
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Figure 4.10 (A-C) High resolution XPS O1s spectra of poly(4-acetoxystyrene) films 
irradiated by electron beam to doses of 100 µC/cm2 (A), 250 µC/cm2 (B) and 400 
µC/cm2 (C). XPS survey scan (D) and high resolution XPS F1s (E) of e-beam 
irradiated poly(4-acetoxystyrene) film after treatment with 
pentafluorophenylhydrazine. 
or indeed from a Fries mechanism. The presence of the ketone product was tested by 
reaction with pentafluorophenylhydrazine, which reacts rapidly with ketones. 48 As shown 
in Figure 4.10D, the XPS survey scan shows the presence of fluorine atoms in the 
exposed samples after treatment with pentafluorophenylhydrazine. We also confirmed the 
absence of fluorine in the unexposed sample (Figure 4.11). The high resolution F1s 
spectrum of the exposed sample showed one component at around 689.0 eV due to -CF 
groups (Figure 4.10E). The results indicate the presence of rearranged hydroxy ketone 
upon high energy electron beam irradiation. 
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Figure 4.11 XPS survey scan (A) and high resolution XPS F1s (B) of original poly(4-
acetoxystyrene) thin film without e-beam irradiation after treatment with 
pentafluorophenylhydrazine. 
 
Exposure of an area of 1×1 mm2 of the film of poly(4-acetoxystyrene) is sufficient for XPS 
measurements, but does not allow measurement of contact angles. Therefore, the 
changes in surface energy after exposure and treatment with benzoyl chloride have been 
inferred from observations of the morphology of films of PS-b-PMMA coated onto the 
substrate. Figure 4.12A-C show SEM images of the morphology of self-assembled 
lamellar PS-b-PMMA at different e-beam doses. At low exposure dose of 100 µC/cm2, 
perpendicular lamellae were observed over very small areas, suggesting the modified 
substrate is still preferentially wet by the PMMA block. Fully perpendicular alignment and 
the characteristic fingerprint pattern was observed at a higher e-beam dose of 250 µC/cm2, 
indicating we had achieved a neutral substrate. At a higher e-beam dose 400 µC/cm2 the 
orientation of the BCP domains switched from perpendicular to parallel. 
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Figure 4.12 (A-C) SEM images of PS-b-PMMA assembled on e-beam modified poly(4-
acetoxystyrene) substrate with irradiated region of 1×1 mm2 at e-beam doses of 100 
µC/cm2 (A), 250 µC/cm2 (B) and 400 µC/cm2 (C). Top view SEM image (D) and high 
magnification SEM image (E) of the lamella forming PS-b-PMMA, assembled on the 
electron beam patterned poly(4-acetoxystyrene) layer at dose of 250 µc/cm2 with 
line width of 300 nm . 
 
To achieve spatially-resolved BCP alignment, the poly(4-acetoxystyrene) substrate was 
patterned by electron beam with 300 nm lines and spaces at a dose of 250 µC/cm2, 
followed by treatment with benzoyl chloride. Assembly of PS-b-PMMA on the e-beam 
patterned substrate shows clear switching of wetting behaviour toward the BCP from 
neutral to preferential as shown in Figure 4.12D,E, indicating that the resulting nanoscale 
chemical pattern provides controlled polymer surface interactions for perpendicular 
assembly of PS-b-PMMA domains on the exposed area. Importantly, the boundary 
between the domains of perpendicular and parallel domains are significantly better 
resolved than the micro-patterns produced by UV illumination through the photomask.  
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4.5 Conclusions 
A novel photochemistry-based strategy for achieving spatial control of orientation of BCP 
nanodomain over different length scales is reported. The approach uses a simple 
photoresponsive homopolymer, which when exposed to the appropriate dose of UV 
radiation and treated with an acyl acid chloride, allow perpendicularly orientated BCP 
nanodomains to be formed. By exposure through a simple photomask, neutral wetting 
behaviour of PS-b-PMMA could be achieved in the exposed areas, enabling the fabrication 
of microscale patterns in high fidelity with perpendicularly oriented lamella nanodomains. 
Furthermore, it was shown that the Fries-rearrangement process is induced by high 
resolution e-beam writing, resulting in local control over surface interaction and orientation 
BCP at the submicron length scale. Importantly, the use of electron beam lithography 
results in a sharper interface between domains of parallel and perpendicular orientation, a 
result which is encouraging for device applications. 
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Chapter 5 3D shape-shifting hydrogels based 
on light-programmed hydrophilicity 
heterogeneity 
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5.1 Abstract 
Programing 3D shape deformation of hydrogels is of great interest for various applications 
such as soft robotics, artificial muscles and microfluidic devices. However, so far the 
anisotropic shape deformations of hydrogels have been typically achieved on the base of 
poly(N-isopropylacrylamide) (PNIPAM) whose monomer is biology toxic and only triggered 
by single stimulus. Herein, a facile and effective approach is developed to realize the multi-
responsive oligo(ethylene glycol) methacrylate (OEGMA)-based hydrogel actuators with 
diverse and tunable 3D shape deformations, through light-induced hydrophilicity gradient 
across thickness. We design and synthesize the hydrogels simply by covalently 
incorporating commercially available photoactive 4-acetoxystyrene group into crosslinked 
OEGMA network. Due to the very hydrophilic hydroxyketone group produced as a result of 
photo-Fries rearrangement upon UV irradiation, the water uptake and volume phase 
transition temperature (VPTT) of hydrogels were increased. Demonstrated by Raman 
spectroscopy, the light-exposed hydrogels are not uniform with gradient of hydroxyketone 
content across hydrogel thickness because of strong absorbance of UV light by 4-
acetoxystyrene group. Upon UV light irradiation, the hydrogels exhibit 3D bending or 
folding movement backward the irradiated part due to the difference in swelling properties 
through thickness. It was found that the photo-induced bending angle could be controlled 
by adjusting the compositions of the original hydrogels. Moreover, such irradiated 
hydrogels also exhibit thermo- controllable and ionic strength-controllable 3D deformations 
with reversible and repeatable bending angle. Impressively, we demonstrate that diverse 
complex 3D deformations including tube, spiral, helix, letter or heat-shaped 3D structure 
could be easily achieved by patterned light irradiation through various photomasks.   
5.2 Introduction 
The ability to actively change shape is essential to all kinds of living organisms in 
nature. For example, the Venus flytrap closes its leaves in less than seconds to 
efficiently catch flies,194 and pine cones open their scales when the environment is 
dry to release their seeds.195 Inspired by such phenomena, numerous efforts have 
been made to develop artificial smart materials 196-198which could undergo shape 
transformations under the action of an external stimulus including temperature, pH, 
and light109, 199-201 Among all of the developed shape-changing materials, hydrogels107, 
109, 202, 203  are particularly attractive because of the potential for significant changes 
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in volume under diverse external stimuli, programmable complex shape changing and 
structural similarities to body tissues. Such interesting properties of hydrogels make 
them very promising for diverse applications in many fields, such as soft robotics,204 
artificial muscles,205 microfluidic206, three-dimensional (3D) cell culture 114-116and drug 
or cell delivery devices.207  
 
Recently, increasing attention has been paid to realize diverse 3D shape 
deformations of hydrogels. Fabricating heterogeneous structure of hydrogels is 
critical for programming the anisotropic actuation behaviour of hydrogels.118, 119, 208 
Several approaches have been employed to create inhomogeneous hydrogels 
structures such as bilayer structure,117, 128, 209-211 photolithographic,132, 212-215 
interpenetrating hydrogel network,216 incorporation of functional nanomaterials,119, 
196, 217, 218 ion-printing137, 219 and water evaporation.220 As a result of the uneven 
swelling/deswelling properties in different parts of hydrogels, diverse 3D shape 
deformations have been achieved including bending,221 folding,132 twisting,222 
buckling223 or more complex shapes.224-226 However, these reported hydrogel 
actuators suffer from two major drawbacks. First, the 3D shapes has been typically 
realized in poly(N-isopropylacrylamide) (PNIPAM)-based hydrogels, whose 
monomer is biologically toxic, and has narrow range of phase transition region.227 
Second, very few efforts have been conducted to develop hydrogel systems which 
undergo 3D deformations upon multi- stimuli,214 which is of great importance for 
materials to be used in various environments. 
 
Recently, thermal-responsive poly(ethylene glycol) materials have received significant 
attention228-230 and have the potential to replace PNIPAM in diverse applications, due to 
biocompatibility, narrow hysteresis, and widely tunable lower critical solution 
temperature (LCST). Poly(ethylene glycol) based hydrogels have been reported to 
undergo 3D deformation in response to single a stimulus such as humidity231 or light.114 
Herein, we propose a simple strategy that is effective for fabricating multi-responsive 
poly(ethylene glycol)-based hydrogels with diverse and tunable 3D deformations, by 
utilizing light energy to create  the inhomogeneous structure with hydrophilicity gradient 
across the thickness. The commercially available photoactive 4-acetoxystyrene unit was 
incorporated into crosslinked hydrophilic OEGMA-based polymer network. It was 
demonstrated that the light irradiation could strongly affect hydrophilic/hydrophobic 
balance and VPTT of hydrogels, because hydrophilicity of the arranged hydroxyketone is 
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significantly different. Furthermore, Raman spectroscopy was employed to study the 
gradient of hydrophilic hydroxyketone content across the hydrogel thickness caused by 
strong absorbance of UV light. The fabricated hydrogels were shown to be capable of 
exhibiting light-driven, thermal, ion induced 3D bending or folding with reversible, 
controllable and repeatable bending angle. Furthermore, multiple types of actuations were 
demonstrated in the patterned hydrogels.  
5.3 Experimental 
5.3.1 Materials 
All chemicals were obtained from Sigma Aldrich and used as received unless otherwise 
specified. Deionized water was produced by an ELGA Laboratory water station and had a 
resistivity of 18.2 m/cm. To remove inhibitors, oligoethyleneglycol methyl ether 
methacrylate [300 g mol-1,OEGMA], 4-acetoxystyrene and ethyleneglycol dimethacrylate 
(EGDMA) were passed through a basic alumina column immediately before use. 
Membranes for dialysis (molecular weight cut-off of 3500 Da) were purchased from 
Thermo Fisher Scientific. 
 
5.3.2 Preparation of hydrogels  
The hydrogels were prepared by photo-initiated radical copolymerization. The mixtures of 
4-acetoxystyrene, OEGMA, EGDMA and IRGACURE 2959 photoinitiator were cast into 
moulds and irradiated with UV light for 30 mins (unfiltered spectrum of Uvitron SunRay 600 
UV Light Curing Flood Lamp System, 40 mWcm-2 intensity in the range 320-390 nm). The 
crosslinker content was fixed at 5 mol% for all of the samples. After completion, the 
hydrogels obtained were dialyzed against DI water (24 h) and acetone (24 h), respectively. 
Finally, all gels were dried under high vacuum at 45 °C for two days. To simplify the 
discussion, “H0X0Y” refers to the hydrogel with the 4-acetoxystyrene/OEGMA molar ratio 
of x/y. The thickness of the hydrogels was controlled to be 1 mm with spacers. 
 
5.3.3 Measurement of water uptake  
To measure the water uptake values by gravimetric analysis, a small piece of hydrogel 
was taken in a beaker and immersed in DI water at different temperatures for 24 h to attain 
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the maximum swelling ratio. Three duplicate samples of each hydrogels hydrogel were 
prepared for swelling experiment to guarantee the reproducibility. Then, the swollen 
hydrogels were taken out of the water and weighed after removing the excess water on the 
surface. The ESR was calculated from the following equation. 
Water uptake(%) = (Ws –Wd)/Wd× 100 
where Ws and Wd are the weights of swollen hydrogel in equilibrium and the 
corresponding dried hydrogel, respectively. 
 
5.3.4 UV irradiation of hydrogels 
UV irradiation experiments were carried out with an unfiltered high-pressure UV lamp (220 
nm-450 nm). For these experiments, the light intensity (power density) at the sample 
surface was measured with a spectroradiometer. The integrated power density at 254 nm 
was measured to be 20 mW/cm2. The hydrogel sheets with prescribed sizes were 
deposited on a glass plate and immersed in aqueous media with 0.005 mM NaOH, which 
was then exposed to UV light. 
 
Patterned UV light radiation was performed using diverse photomasks (Cr pattern on 
quartz) directly onto the polymer film prior to illumination. The mask contains black stripes 
with different sizes passing at a certain angle θ with respect to the long axis of the mask. 
The angle between the stripes and the long axis of the mask (300 µm in width and 300 µm 
in distance) was varied from 0 ˚, 60 ˚ and 90˚. 
 
5.3.5 Characterization 
Infrared spectra of various hydrogels were acquired using a Nicolet 5700 Fourier transform 
infrared (FTIR) spectrometer fitted with an attenuated total reflectance (ATR) accessory 
that used a diamond internal reflection element (IRE) and the angle of incidence of the 
beam was fixed at 45˚ relative to the IRE. Thirty-two scans were averaged over a range of 
500 to 4000 cm-1 at a resolution of 4 cm-1. 
 
The absorption spectra of 4-acetoxystyrene (1×10-6 mol mL-1) was recorded on a Varian 
UV-Vis Cary 4000 spectrophotometer over a wavelength range of 200-500 nm. 
 
- 136 - 
 
Raman spectra were collected using a Thermo-Fisher Almega dispersive Raman 
spectrometer. Spectra were collected of the hydrogels using a microscope accessory with 
a 503 objective, and the liquids/solutions were typically measured using the 180˚ 
backscatter accessory. The instrument was fitted with both 633 nm and 780 nm lasers. 
The spectra were collected using a single grating between 90 and 3900 cm-1. An 
acquisition time of 1 s was used and at least 256 scans were averaged. 
 
Microscopic deformations were recorded using a digital camera. Before studying the 
deformation, the PNIPAM hydrogel sheets were equilibrated at room temperature of 20 ˚C 
for 30 min to reach its equilibrium swelling state. 
 
5.4 Results and discussion  
5.4.1 Design and preparation of hydrogels 
 Previous workers have covalently incorporated photoactive groups such as 
azobenzenes232, 233, spiropyrans234, 235 and nitrobenzene132 that exhibit light-induced 
isomerization into crosslinked hydrophilicity polymer network to trigger the photoinduced 
shape change. However, the photoactive monomers were prepared through multistep 
organic synthesis. In this work, the commercially available 4-acetoxystyrene monomer 
which has been reported to undergo photoinduced hydrophilicity changes104 was directly 
used to provide photoreponsiveness. Moreover, it was reported that homopolymers of 4-
acetoxystyrene could undergo the photo-Fries rearrangement to generate the hydrophilic 
hydroxyketone group in relative high yield of 50%,104 indicating that this system is 
expected to be used as an ideal candidate for tuning hydrophilicity/hydrophobicity 
character of hydrogels to induce the shape change. The ion- and thermo-responsive 
monomer OEGMA236 was employed to construct hydrogels due to advantages such as 
non-toxicity, narrow hysteresis, and widely tunable VPTT.   
 
The hydrogels were prepared by photopolymerization method to take advantage of fast 
curing speed and lower reaction temperature compared to traditional 
thermopolymerization. However, the strong absorbance of 4-acetoxystyrene unit at UV 
light wavelengths from 200 nm-250 nm104 causes attenuation of UV light through the film 
thickness, and hence a gradient in the cross-link density may be generated. In order to 
circumvent such a problem, it is necessary that the wavelength of light source used during 
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photopolymerization be long enough to avoid absorption by 4-acetoxystyrene. The 
photoinitiator IRGACURE 2959 has previously been used to prepare hydrogel films with 
uniform crosslinking density across thickness237 at longer wavelengths of UV light (320 
nm- 390 nm) and is therefore used in this work.  
 
 
 
Figure 5.1 (A) Molecular structures of monomers, crosslinker and photoinitiator 
used for the preparation of crosslinked polymer hydrogel networks. (B) Water 
uptake curves of hydrogels with different 4-acetoxystyrene: OEGMA ratios as a 
function of swelling time. 
The hydrogels were fabricated using a mixture of 4-acetoxystyrene, OEGMA, IRGACURE 
2959 and ethyleneglycol dimethacrylate (EGDMA) as a crosslinking agent (Figure 5.1). 
The crosslinking density was fixed at 5 mol%, and the molar ratio of 4-acetoxystyrene to 
OEGMA was varied from 70:30-20:80 to control the overall hydrophilicity. It should be 
noted that the hydrogels do not bend after immersing the dried hydrogels into water for 
24h, which indicates that the cross-linking density is uniform throughout the thickness. 
- 138 - 
 
However, it was observed that the hydrogels of H0307 and H0208 with very low 4-
acetoxystyrene content could be easily damaged after immersing in water for several 
hours, implying poor mechanical properties. This is due to the significantly reduced glass 
transition temperature (Tg) of the hydrogels caused by the high OEGMA content, whose 
homopolymer has a Tg of -65°C.236 Similar observation have been reported for hydrogels 
consisting of poly(dl-lactide) and polydextran.238 The relationship between Tg of hydrogels 
and mechanical properties has also been demonstrated.238 Therefore, other hydrogels 
from H0406 to H0703 were selected for subsequent study because of their better 
mechanical performance. 
 
5.4.2 Swelling properties of unexposed hydrogels 
Before studying the shape-changing behaviour of hydrogels, we initially investigated the 
ability of hydrogels to absorb water which is closely related to the dimension change of the 
hydrogels.107 First, the influence of the compositions of the dehydrated hydrogels on the 
water uptake was studied at room temperature of 20◦C. Figure 5.1 shows the water uptake 
curves of H0703, H0604, H0505 and H0406 that differ in their 4-acetoxystyrene: OEGMA 
ratio. It shows that all the hydrogels reach equilibrium swelling by 12 h. The equilibrium 
water uptake increased from 34% to 209% when the molar ratio of hydrophilic OEGMA 
units increased from 30 mol% to 60 mol%, which can be explained by the improved water 
absorbing capacity of hydrophilic ethylene glycol side chains of OEGMA. The equilibrium 
water uptake of H0703 and H0604 hydrogels with high 4-acetoxystyrene content are very 
similar at room temperature despite of different 4-acetoxystyrene: OEGMA ratio, due to 
weak hydrating nature of the hydrogels at these compositions and the proximity of the 
VPTT to the measurement temperature.239 
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Figure 5.2 (A) Temperature dependence of the water uptake of hydrogels with 
different 4-acetoxystyrene: OEGMA ratios. (B) Photographs of the gel disks with 
different 4-acetoxystyrene: OEGMA ratios at different temperature. Scale bars: 1.5 
cm. 
 
Next we studied the thermal responsive properties of the hydrogels, the temperature-
dependent water uptake profiles of those hydrogels with varying 4-acetoxystyrene: 
OEGMA ratios are illustrated in Figure 5.2A. The water uptake was measured at 5 °C 
increments while increasing temperature from 0 °C to 50 °C. The temperature was 
changed by 5 °C every 2 hours to ensure swelling reached an equilibrium state. It is shown 
that the equilibrium water uptake of all the samples gradually decreased as the 
temperature increased. This is mainly because the favourable interactions via hydrogen 
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bonding between the side chain ethylene oxide units in the hydrogel and water molecules 
is reduced.240, 241 At certain temperatures corresponding to the volume phase transition, a 
rapid decrease in water uptake was observed. All the hydrogels showed near dehydration 
at 45 °C. All of the hydrogels exhibited a broad phase transition241  which could be 
ascribed to the inherent dispersity chain lengths between crosslinks. The VPTT was 
estimated by evaluating the transition point of the water uptake vs. temperature curves in 
Figure 5.2A. The measured values of VPTT were 33◦C, 25◦C, 14◦C, respectively, for 
H0406, H0505, H0604 samples. It is well known that the VPTT of thermos-sensitive 
macromolecules is reduced by incorporation of relatively hydrophobic monomers. 
However, the VPTT of 0703 hydrogel could not be determined due to the negligible water 
uptake change as a function of temperature.  
 
Because of the change of water content as a function of temperature, the hydrogels could 
exhibit 2D expansion/contraction in response to temperature change. The 2D dimensions 
of all the hydrogels exhibited strong dependence of temperature (Figure 5.2B), except 
H0703 hydrogel with highest 4-acetoxystyrene content. As shown in Figure 5.2B, there 
was only a slightly size and transmittance change of H0703 as temperature of aqueous 
media changed from 0◦C to 45◦C. At all temperatures this hydrogel was above the VPTT. 
In contrast, the other three samples were transparent and swollen at an initial temperature 
of 0 ◦C. When the temperature increased to room temperature, H0604 immediately 
became opaque and the hydrogel disk was significantly reduced in size. This change in 
transmittance is attributed to disruption of the hydrophilic/hydrophobic balance when the 
temperature was higher than VPTT. H0505 and H0406 remained transparent at room 
temperature, even though the disk diameters were reduced by 26% and 14%, respectively. 
Moreover, all of the hydrogels became opaque and significantly smaller at a temperature 
of 45◦C. 
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Figure 5.3 (A) Schematic illustration of photo-Fries rearrangement. (B) UV-vis 
spectra of 4-acetoxystyrene solution in chloroform 1×10-7 mol.L-1. (C) ATR-FTIR 
spectra of dry hydrogel after different UV irradiation time. 
 
 
Figure 5.4 Raman spectra of H0505 hydrogels before (A) and after (B) UV irradiation. 
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Figure 5.5 Raman spectra of UV irradiated H0505 hydrogels measured at different 
penetration depths. 
5.4.3 Light-induced chemical gradient  
Next we investigated the photo-Fries rearrangement process of photoactive group. The 
UV-Vis spectrum of 4-acetoxystyrene monomer in chloroform shows that the unexposed 
sample has an absorbance band near 270 nm, which corresponds to the n-π* transition of 
phenyl chromophore (Figure 5.3). A significant increase in UV absorption was observed 
after UV irradiation. Two new absorbance maxima located at ca. 255 nm and 340 nm after 
irradiation were observed. These changes indicate the formation of rearranged 
hydroxyketone units. The attenuated total reflection Fourier transform infrared (ATR-FTIR) 
spectra of the H0505 hydrogels were measured before and after UV irradiation (Figure 
5.3C). The hydrogels were dried before measurement in order to minimise the peak at 
1640 cm-1 due to hydrogen bonds between ester carbonyl groups and water, which 
overlaps with the peak from photo-rearranged product. The signals of the phenyl ester 
group at 1764 cm-1 was significantly reduced, new bands were observable at 1640 cm-1 
and 1612 cm-1, which can be ascribed to O-H stretching vibrations of hydroxyl groups and 
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aromatic-aliphatic ketones. Longer irradiation did not generate additional hydroxyketone 
units, indicating the maximum yield of hydroxyketone was achieved after 15 mins of UV 
irradiation under these conditions. 
 
Figure 5.6 ATR-FTIR spectra of dry hydrogel before and after immersing into 0.005M 
NaOH solution. 
 
As shown in Figure 5.4A, the 4-acetoxystyrene group absorbs strongly in the UV range 
from 220 nm to 250 nm. Hence the light intensity would be attenuated across the depth 
direction, resulting in a gradient of in yield of hydroxyketone across the hydrogel thickness. 
At a certain thickness, the light is attenuated sufficiently such that the photo-Fries 
rearrangement is no longer occurring. To verify our hypothesis, Raman spectroscopy was 
used to probe the photochemical reaction at different depths of hydrogel. The Raman 
spectrum of H0505 hydrogel before and after UV irradiation wat the hydrogel surface, 
showed very similar characteristic bands to that seen by FTIR, except for the appearance 
of the strong aromatic C=C stretching vibration at 1615 cm-1 (Figure 5.4). Raman 
spectroscopy to highly polarizable bonds.242 Figure 5.5 shows the Raman spectra of 
exposed samples at different sampling depths (from 0 to 125 µm). The signal of the 
hydroxyketone group at 1640 cm-1 significantly decreased in intensity at deeper depth. It is 
worth to note that the hydroxyketone peak totally disappeared at penetration depth of 100 
µm. This result confirms the formation of a gradient of hydroxyketone content across the 
hydrogel thickness after UV irradiation. 
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Figure 5.7 Temperature dependence of the water uptake of unexposed and exposed 
hydrogels (A) H0406, (B) H0505, (C) H0604, (D) H0703. 
 
5.4.4 Multistimuli-induced 3D bending 
The vibrations spectroscopy measurements confirm that the photo-Fries rearrangement of 
the 4-acetoxystyrene groups led to the formation of hydroxyketone products. The 
hydrophilicity of the hydroxyketone (pKa of 10.5) is significantly higher than 4-
acetoxystyrene even in slightly basic aqueous solution,243 indicating that the 
hydrophilic/hydrophobicity balance of the polymer network and VPTT could be altered after 
UV irradiation. In order to quantify this, water uptake of the UV-exposed hydrogels in 0.005 
mM NaOH aqueous media was measured at different temperatures. First, the chemical 
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stability experiments of hydrogels in such aqueous media was conducted. As shown in 
Figure 5.6, the FITR spectrum of the hydrogels displayed no obvious change over 8h. This 
result revealed that the 4-acetoxystyrene used in our study has high stability and against 
hydrolysis reaction. 
 
Figure 5.8 The photo-induced water uptake increase for different samples as a 
function of temperature. 
 
It was observed that the water uptake in all the samples is significantly increased after 
illumination in 0.005 mM NaOH aqueous solution with UV light for 15mins (Figure 5.7). For 
example, from 0◦C to 20◦C both the unexposed and exposed H0406 hydrogels were 
swollen, and the water uptake of exposed sample was approximately 35% higher (Figure 
5.8). The difference in water uptake difference increased with continually rising 
temperature and approached a maximum at 30◦C (77% wt). However, the difference in 
water uptake between unexposed and exposed sample significantly decreased from 35◦C 
to 50◦C (Figure 5.8). Such dependence of photoinduced water uptake increase on 
temperature could be ascribed to different thermal responsive properties between 
unexposed and exposed samples. The unexposed H0406 hydrogel was undergoing a 
volume phase transition from 20◦C to 35◦C and consequently the water uptake rapidly 
reduced, while the exposed sample is still in relatively high swollen state at this 
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temperature range in which the water uptake only undergo slightly reduction, due to 
increased hydrophilicity and VPTT. Both the unexposed and exposed hydrogels were 
highly dehydrated at higher temperature from 35◦C to 50◦C, resulting in negligible increase 
in water uptake. The other samples showed similar dependence of water uptake 
differences between unexposed and exposed samples on temperature. To understand 
this, the VPTT of the exposed hydrogels was measured to be 38◦C, 33◦C, 24◦C and 12◦C 
for H0406, H0505, H0604 and H0703, respectively, significantly higher than that of 
unexposed hydrogels. This result also suggested that only the H0604 sample underwent 
phase transition from collapsed state to swollen state after UV irradiation at RT, while the 
other samples still remains in swollen state (H0406, H0505) or collapsed state (H0703) 
after irradiation. 
 
Change in the shape change of the hydrogels upon UV illumination at RT was investigated 
(Figure 5.9 A-D). The irradiated hydrogels were kept in aqueous media for 2 h in order to 
equilibrate the swelling of the hydrogels and stabilize their deformations. As shown in 
Figure 5.9, upon irradiation with UV light for 15 mins, all the samples bent away from the 
light source. Figure 5.9E illustrates the mechanism of the photoinduced 3D deformation. 
As established above, the hydroxyketone group of hydrogels is produced on light 
irradiation, and contributes to stronger water uptake. However, the hydroxyketone content 
is reduced across the thickness and forms a gradient distribution in hydrophilicity. The 
increase in water swelling due to the formation of the hydroxyketone only occurs in front 
surface region up to 100 µm in depth, which creates the “more swellable” layer. While the 
“less swellable” layer which are not undergoing photochemical reaction in deep depth 
would have lower water uptake and less swell degree. As a result, the “less swellable” 
layer constrains dimensional changes of the “more swellable” layer, the stress at their 
common boundary induced from swelling mismatch forced the hydrogels to undergo 3D 
bending/folding movement.114  
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Figure 5.9 Photographs of the hydrogels with different 4-acetoxystyrene: OEGMA 
ratios (A) H0406, (B)H0505, (C)H0604, (D) H0704 bending backward irradiated part. 
(E) Schematic illustration demonstrating plausible mechanism for the photoinduced 
3D deformation of the as-prepared hydrogels. Scale bars: 1.0 cm. 
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Figure 5.10 The bending angles of hydrogels with different ratios measured as a 
function of temperature. 
 
Of note, it was observed that the equilibrium bending angle of irradiated H0406 was 84˚, 
while the H0505 and H0604 with higher 4-acetoxystyrene content was found to have a 
larger bending angle of 181 ˚ and 354 ˚, respectively (Figure 5.9). However, further 
increase 4-acetoxystyrene to 70 mol% would reduce the bending angle. This observation 
could be explained by the completely different swelling behavior between “less swellable” 
and “more swellable” layers. Yoon et al studied the light-induced bending degree of the 
bilayer hydrogels consisted of PNIPAm/rGO active layer and poly(acrylamide) passive 
laye.244 It was shown that the larger water swelling difference between two layers induced 
a larger bending degree. In this work, the “less swellable” and “more swellable” layers 
across the hydrogel thickness could be generated after light irradiation, creating the 
inhomogeneous hydrogels with structure similar to that in the bilayer hydrogels. Figure 
5.10 shows the effect of 4-acetoxystyrene: OEGMA ratio on the photo-induced water 
uptake increase, which could represent the swelling difference between “less swellable” 
and “more swellable” layer. The 0604 shows the largest water uptake increase and 
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swelling difference after irradiation (78 %wt), which could be ascribed to higher 4-
acetoxystyrene content and occurring of phase transition. Increasing the content of 4-
acetoxystyrene group from 40-60 mol% in hydrogels could increase the photo-induced 
water uptake change, which generates stronger internal stress and larger bending angle. 
While H0703 with highest 4-acetoxystyrene content showed significantly reduced swelling 
difference because it is still in the collapsed and shrunk state after irradiation, resulting in 
small photo-induced bending angle of 33 ˚. Diamond et al studied the effect of spiropyran 
content on photo-induced shrinking ability of PNIPAM-based hydrogels, and observed that 
there is an optimal spiropyran content which generates largest shrinking degree.235 
 
  
 
 
 
 
 
 
 
 
 
Figure 5.11 (A) Photographs of the irradiated H0406 hydrogel at different 
temperatures. (B) The kinetic curve of H0406 hydrogel under the stimulus of 
temperature changes from 20°C to 29°C. (C) The reversible shape change of H0406 
hydrogel in the temperature increasing/ decreasing cycles. Scale bars: 1.0 cm. 
 
We have also demonstrated that the equilibrium bending angle of the UV irradiated 
hydrogels can be controlled by changing the temperature of the aqueous medium. As a 
proof-of-principle, measurements of bending angle were performed by every 3.0 °C from 
RT to 48°C after holding at each temperature for one hour. As seen in Figure 5.11A, the 
H0406 hydrogel shows an obvious increasing bending angle from RT to 29 °C. This is 
because dehydration of the “less swellable” region in H0406 occurs across temperature 
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range, while the “more swellable” region is still in a relatively high hydrated and swollen 
state.  A reduced bending angle was found at 38 °C due to the beginning of rapid collapse 
of “more swellable” region. Above 43 °C, the H0406 hydrogel becomes flat as both regions 
become hydrated. Similar temperature-dependent bending angle behavior was also 
observed on H0505 and H0604 (Figure 5.12), however with different temperature at which 
the maximum bending angle was achieved. This temperature-dependent bending angle 
behavior is similar to that observed by Chen et al in bilayer structures consisting of 
hydrogel layers with different VPTT.245 
 
Figure 5.12 The bending angles of hydrogels with different ratios measured as a 
function of temperature. 
 
The bending kinetics of the irradiated H0406 hydrogel at 29°C was investigated and shown 
in Figure 5.11B. Before the measurement, the bending angle of irradiated hydrogel was 84 
˚. When the hydrogel was immersed into the aqueous medium at 29°C, The hydrogel 
further curled and folded into a tubular structures with maximum bending angle of 344 ˚ 
within 15 min. Moreover, the change in bending angle of the H0406 hydrogel was 
evaluated on cycling the temperature between 20°C and 29°C. The shape transformation 
- 151 - 
 
can be cycled at least 10 times without obvious change in performance (Figure 5.11C), 
which suggests outstanding reversibility and reproducibility. 
 
 
Figure 5.13 The water uptake of unexposed and exposed H0406 hydrogel at different 
NaCl concentrations. 
In addition, since the hydrophilicity/hydrophobicity balance of OEGMA group in the 
hydrogel is sensitive to ionic strength of the medium,228 indicating that water uptake and 
swell degree of hydrogels could be altered by addition of salts. As a proof-of-principle, first, 
the water uptake of unexposed and exposed H0406 as a function of the concentration of 
NaCl was measured and summarized in Figure 5.13. The unexposed sample showed a 
drastic decrease in water uptake when the NaCl concentration increased from 1M to 4 M, 
which could be ascribed to the salting out effect.236 The exposed sample showed a higher 
water uptake in solution with a NaCl concentration from 0 to 4 M. It was still in highly 
swollen state when concentration of NaCl was from 2-3 M while the unexposed sample 
exhibited significant water loose. Because the “less swellable” layer in hydrogels would 
more rapidly undergo phase separation and shrink more dramatically than the “more 
swellable” layer as a function of salt concentration, therefore an alternative method for  
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Figure 5.14 (A) Photographs of the irradiated H0406 hydrogel in aqueous media with 
different NaCl concentrations. (B) Bending angle as a function of time in 2 wt% NaCl 
solution and aqueous media without NaCl. (C) The reversible shape change of 
H0406 hydrogel in the aqueous media with and without NaCl. Scale bars: 1.0 cm. 
controlling shape is by addition of salt. As shown in Figure 5.14A, the bending angle was 
increased with increasing NaCl concentration from 0-2 M, with a maximum bending angle 
of 376 ˚ forming a spiral. Further increase NaCl concentration would reduce the bending 
angle and flatten the hydrogel (Figure 5.14A), due to the shielding of negatively charged –
OH group and collapse of both the “more swellable” layer and “less swellable” layer. 
Moreover, we also explored the kinetics of shape deformation and reversibility by cyclic 
immersing into 2 M NaCl solution and aqueous media without NaCl (Figure 5.14B). It took 
17 min for hydrogel to fold into 3D tubular structure with maximum bending angel in 2 M 
NaCl solution and around 19 min to flatten back without NaCl. Such ion-induced bending 
angel change could be repeated 10 times with no fatigue damage, and also showed good 
reversibility (Figure 5.14C).  
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Figure 5.15 Diverse complex 3D shape transformation of H0604 hydrogel sheet (2 
cm×1 cm×1 mm) in response to patterned UV irradiation with different photomasks; 
(A) Three-segment patterned hydrogel (0.66 cm in width and 0.66cm in distance) 
with only irradiating the middle segment, (B) with two light-exposed segments at 
each end and an unexposed segment in between, (C) seven-segment hydrogel with 
four unexposed segments. (E-F) Micro-patterned hydrogel with 300µm-wide 
exposed stripes and 300µm-wide unexposed stripes oriented at different angles 
relative to the long axis of the hydrogel. (E) 0˚ (F) 60˚ (G) (G) 90˚. 
 
Besides simple 3D shape bending movement, we further demonstrate that diverse 
complex 3D deformations can be easily achieved on hydrogel sheets (2cm×1cm×1mm) 
upon patterned UV irradiation with different geometry structures of photomask (Figure 
5.15). The patterned hydrogels consisting of patches with different swelling degree could 
fold in a complex way and the shape-changing depends on the pattern. First, a mask 
having black stripes (0.66 cm in width and 0.66 cm in distance) was used for fabricating 
three-segment hydrogel strips. When the UV light only irradiated the middle segment, the 
H0604 hydrogel could be self-folded into a “U” shaped structure, and a capitalized ”C” 
shape was observed with two light-exposed segments at each end and an unexposed 
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segment in between. A “heart”-shape structure was achieved by seven-segment hydrogel 
with four unexposed segments connected with three exposed regions. More complex 3D 
deformations could be realized by using photomask with stripes in the hundreds of 
micrometer scale. As shown in Figure 5.15E-G, when the angle between the stripes and 
the long axis of the hydrogel was 0˚, the hydrogel bent along the short axis and formed a 
3D tube structure. For hydrogel strip with stripes perpendicular to long axis, the spiral 
structure was observed. Moreover, the hydrogel could be twisted into a helix structure 
when the angle of the strip was 60 ˚. 
5.5 Conclusions 
In this work, a facile strategy to realize multi-stimuli triggered anisotropic shape 
deformations in OEGMA-based hydrogels has been demonstrated. The hydrogels were 
prepared by incorporating the commercially available 4-acetoxystyrene into crosslinked 
OEGMA polymer networks. Light irradiation of the hydrogels can generate a gradient in 
hydroxyketone content and differences in swelling properties across the thickness, 
resulting in 3D bending or folding deformations. The dependence of photo-induced 
bending angle on the thermal behaviour of the original hydrogels was demonstrated. 
Furthermore, the equilibrium bending angle of the irradiated hydrogels could be controlled 
by varying temperature or ionic strength with outstanding reversibility and reproducibility. 
Of note, diverse complex 3D shape deformations could be easily achieved using patterned 
light irradiation. We believe that such developed multiresponsive OEGMA-based hydrogels 
with precisely controllable anisotropic shape transformations are very promising for a wide 
range of applications, such as drug delivery, tissue engineering, microfluidics and 
biomimetic devices. 
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Chapter 6 Conclusion 
 
6.1 Summary  
In this thesis, not only innovative polymer materials have been developed through 
macromolecular design to deal with the several major challenges lithography applications, 
but also to construct anisotropic multi-responsive hydrogel actuators. Herein, we 
summaries the key accomplishments and significance of this body of work, 
 
6.2 Healing LER through assembly of innovative block copolymers 
In Chapter 2 and 3, a detailed study of aqueous solution behaviour and application in 
healing LER are described, respectively. In Chapter 2, we demonstrated that the 
incorporation of a modest proportion of strongly hydrophilic OEGMA monomer into a 
styrene-containing block has allowed the preparation of novel block copolymers 
poly(OEGMA-stat-styrene)-b-PDMAPMA. Both the statistical copolymers poly(OEGMA-
stat-styrene) and the block copolymers could be directly dissolved in water and formed 
aggregates of less than around 15 nm in diameter in spite of the high molar content of 
hydrophobic styrene. The aqueous solution behaviour of the copolymers depends strongly 
on the copolymer compositions. The presence of the DMPMA corona resulted in reduced 
molecular mobility of the styrene segments and drove stronger inter-chain hydrophobic 
interactions of the core of the aggregates. Measurement of dynamic surface tension 
revealed high surface activity of the charged block copolymers and confirmed the dynamic 
nature of the assemblies of these copolymers. The strong surface activity of the 
copolymers is in contrast to previous reports of similar materials. Importantly, this study 
introduces a method for preparing water-soluble dynamic copolymer assemblies of sizes 
less than 15 nm, and with relatively high hydrophobic group content. 
 
In Chapter 3, we have demonstrated the preparation and achievement of water-soluble 
block copolymers poly(OEGMA-stat-styrene)-b-PDMAPMA with the targeted multi-
functionality, for smoothing of roughness of lithographic features. The incorporation of 
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OEGMA and a relatively high content of styrene units enabled the assembly of small size 
assemblies with diameter of 8 nm in aqueous solution and for the films formed from these 
materials to be highly resistant to plasma etching. The use of these block copolymers to 
smooth the LER of lithographic features and to enable pattern transfer was explored. The 
low glass transition temperature of the DMAPMA segments, below that of the photoresist 
substrate, enabled much improved healing of LER with minimal change to the resist trench 
profile. The innovative block copolymer materials could not only smooth LER in high 
resolution lithography patterns, but also allow transfer of the smoothed LER into the 
underlying silicon wafer. These results demonstrate the potential for directed self-
assembly of water soluble block copolymers to address the critical challenge of reducing 
LER of nanoscale features, and has potential to be used to improve pattern fidelity in 
advanced micro-electronics and functional device fabrication. 
  
6.3 Light-directed assembled block copolymer nanopattern 
In Chapter 4, a novel photochemistry-based strategy for achieving spatial control of 
orientation of BCP nanodomains over different length scales is reported. The approach 
uses a photoresponsive homopolymer, poly(4-acetoxystyrene), which when exposed to 
the appropriate dose of UV radiation and treated with an acyl acid chloride, allows 
perpendicularly orientated BCP nanodomains to be formed. By exposure through a 
photomask, neutral wetting behaviour of PS-b-PMMA could be achieved in the exposed 
areas, enabling the fabrication of microscale patterns in high fidelity with perpendicularly 
oriented lamellar nanodomains. Furthermore, it was shown that the Fries-rearrangement 
process is induced by high resolution e-beam writing, resulting in local control over surface 
interactions and orientation of BCP at the submicron length scale. Importantly, the use of 
electron beam lithography results in a sharper interface between domains of parallel and 
perpendicular orientation, a result which is encouraging for device applications. 
 
6.4 Light-programming 3D shape change of hydrogels 
In Chapter 5, a facile strategy to realize multi-stimuli triggered anisotropic shape 
deformations in OEGMA-based hydrogels has been demonstrated. The hydrogels were 
prepared by incorporating the commercially available 4-acetoxystyrene into crosslinked 
OEGMA polymer networks. Light irradiation of the hydrogels can generate a gradient of 
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hydroxyketone content across the thickness, resulting in 3D bending deformations. The 
dependence of photo-induced bending angle on the thermal behaviour of the original 
hydrogels was demonstrated. Furthermore, the bending angle of the irradiated hydrogels 
could be controlled by temperature or ionic strength with outstanding reversibility and 
reproducibility. Of note, diverse complex 3D shape deformations could be easily achieved 
by patterned light irradiation. We believe that that the simplicity of the design and versatility 
of the shape changes that can be achieved is likely to expand the use of such hydrogels in 
a wide range of applications including as artificial muscles, flow gates, in tissue 
engineering, drug or cell delivery, and numerous other bioapplications. 
 
 
